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Mode-specific  scattering  parameters  (s-parameters)  are  defined  from  fundamental 
concepts.  Such  s-parameters  directly  express  the  response  of  a  device  in  its  intended 
modes  of  operation.  The  development  is  specifically  applied  to  high  frequency  differen- 
tial circuits.  Differential  circuits  are  shown  to  be  characterized  by  four  sets  of  s-parame- 
ters: (1)  pure  differential  mode  s-parameters  with  a  differential-mode  input  and  output,  (2) 
pure  common-mode  s-parameters  with  a  common-mode  input  and  output,  (3)  mode-con- 
version s-parameters  with  a  differential-mode  input  and  a  common-mode  output,  and  (4) 
mode-conversion  s-parameters  with  a  common-mode  input  and  a  differential-mode  out- 
put. All  of  these  sets  of  mode-specific  s-parameters  are  shown  to  be  useful  in  analysis  of  a 
differential  circuit. 

A  specialized  system,  called  the  pure-mode  vector  network  analyzer  (PMVNA),  is 
developed  for  the  measurement  of  the  mode-specific  s-parameters  of  a  high  frequency  dif- 
ferential circuit.  The  calibration  of  this  analyzer  is  developed  and  implemented.  Verifica- 


tion  establishes  error  correction  accuracy.  The  PMVNA  is  shown  to  have  accuracy 
advantages  for  the  measurement  of  differential  circuits  when  compared  to  a  traditional 
four-port  analyzer. 

The  mode-specific  s-parameter  concepts  are  applied  to  several  practical  high  fre- 
quency differential  circuits.  Power  splitters  and  combiners  are  analyzed  with  these  con- 
cepts. Traditional  specifications  of  phase  and  magnitude  imbalance  are  shown  to 
correspond  to  spurious  mode  responses.  Differential  transmission  line  structures,  imple- 
mented on  ceramic  substrates,  are  examined.  The  effects  of  imbalance  and  symmetry  are 
analyzed  with  mode-specific  s-parameters.  Several  structures  on  a  silicon  integrated  cir- 
cuit (IC)  are  measured.  The  effects  of  differential  topology  on  circuit-to-circuit  coupling 
are  quantified.  Basic  design  methods  are  advanced  for  the  design  of  high  frequency  dif- 
ferential circuits. 


CHAPTER  1 
INTRODUCTION 


In  many  applications,  devices  and  circuits  have  been  designed  for  only  a  single 
mode  of  operation.  In  the  most  general  sense,  a  mode  is  a  particular  electromagnetic  field 
configuration  for  a  given  device  or  circuit.  In  the  case  of  one  or  two  conductors,  the 
modes  are  usually  frequency  dependent,  so  the  existence  of  simultaneous  modes  can  be 
avoided  by  proper  selection  of  operating  frequencies  (or  by  proper  physical  design  for  a 
given  frequency).  However,  with  three  or  more  conductors,  there  will  usually  exist  multi- 
ple modes  even  in  static  cases.  In  such  situations,  the  simultaneous  existence  of  two  or 
more  modes  can  be  difficult  to  avoid. 

Differential  circuits  are  a  particular  class  of  circuits  of  historic  importance  with 
three  conductors.  Sometimes  called  balanced  circuits,  the  primary  operation  of  differen- 
tial circuits  is  to  respond  to  the  difference  between  two  signals,  such  as  Av:  =v:  -  v2  as 
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Figure  1-1.       Schematic  of  two-port  differential  circuit. 
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shown  in  Figure  1  - 1 .  The  two  conductors  can  also  have  a  common  voltage  (or  a  current 
flow)  with  respect  to  a  third  conductor,  namely  ground.  As  a  result,  two  modes  of  opera- 
tion are  generally  possible  with  differential  circuits:  the  differential-mode  and  the  com- 
mon-mode. Furthermore,  both  modes  can  exist  simultaneously  in  general. 

There  are  many  applications  of  differential  circuits.  Twisted  pair  transmission 
lines,  operational  amplifiers,  baluns,  coupled  transmission  lines,  power  splitters  and  com- 
biners are  all  examples  of  differential  circuits  [1  -  3].  More  recent  applications  include 
radio  frequency  (RF)  low  noise  amplifiers  (LNA)  with  differential  inputs  and  outputs,  as 
well  as  double-balanced  mixers  such  as  Gilbert  cell  mixers  [4]. 

RF  differential  circuit  applications  have  become  common  as  the  commercial 
demand  for  radio  systems  has  grown.  Two  characteristics  of  differential  circuits  make 
them  particularly  attractive  for  RF  applications.  The  first  advantage  of  the  differential  cir- 
cuit is  circuit-to-circuit  isolation.  This  characteristic  has  been  exploited  for  many  years, 
most  notably  in  telephone  systems  in  the  form  of  twisted-pair  wire  transmission  lines  [5], 
The  higher  isolation  of  differential  circuits  (with  respect  to  single-ended  circuits)  is  due  to 
the  nullification  of  any  noise  common  to  both  constituent  signals  in  the  differential  signal. 
i.e.  (v+n)  -  (-v+n)  =  2v  where  n  represents  an  interfering  signal.  This  isolation  increase  is 
important  to  integrated  circuit  (IC)  implementations.  As  integration  density  increases,  and 
operation  frequencies  increase,  improving  circuit-to-circuit  isolation  is  critical.  As  a 
result,  differential  circuits  are  being  applied  where  only  single-ended  circuits  have  tradi- 
tionally been  used. 

Second,  the  differential  circuit  has  increased  dynamic  range  when  compared  to  a 
ground  referenced,  or  single-ended,  circuit.  With  a  given  voltage  swing  v,  a  pure  differen- 


tial  signal  will  be  doubled,  i.e.  v  -  (-v)  =  2v.  This  increased  dynamic  range  is  particularly 
important  as  the  supply  voltages  decrease  in  modern  radio  systems.  This  decreasing  sup- 
ply voltage  has  made  single-ended  implementations  of  receiver  functions  difficult,  since 
maximum  signal  swing  in  a  circuit  is  typically  less  than  the  supply  voltage.  By  imple- 
menting radio  functions  with  differential  circuits,  the  available  signal  swing,  and  hence 
the  dynamic  range,  can  be  increased  while  retaining  a  low  supply  voltage. 

The  emphasis  of  traditional  RF  and  microwave  techniques  has  been  to  avoid  the 
simultaneous  existence  of  multiple  modes.  As  a  result,  there  is  a  lack  of  self-consistent, 
rigorous  theory  that  is  applicable  to  the  measurement,  analysis  and  design  of  RF  and 
microwave  differential  circuits.  Typically,  differential  circuits  are  designed  and  analyzed 
with  traditional  analog  techniques,  which  employ  lumped  element  assumptions.  RF  and 
microwave  differential  circuits  contain  distributed  circuit  elements,  and  require  distributed 
circuit  analysis  and  testing.  Furthermore,  traditional  methods  of  testing  differential  cir- 
cuits have  required  the  application  and  measurement  of  voltages  and  currents,  which  is 
difficult  at  RF  and  microwave  frequencies.  Scattering  parameters  (s-parameters)  have 
been  developed  for  characterization  and  analysis  at  these  frequencies,  but  have  been 
applied  primarily  to  single-ended  circuits.  A  modification  of  existing  s-parameter  tech- 
niques is  needed  for  accurate  measurement,  analysis  and  design  of  differential  circuits  at 
microwave  frequencies.  This  work  extends  the  definitions  of  s-parameters  to  mode-spe- 
cific representations,  where  the  s-parameters  are  defined  in  terms  of  the  natural  modes  of 
operation  of  a  circuit. 

This  dissertation  presents  original  work  in  the  following  areas.  The  traditionally 
accepted  definitions  of  differential  and  common-mode  voltages  and  currents  are  shown 


for  the  first  time  to  be  non-orthogonal,  and  therefore  unacceptable  for  direct  application  of 
these  definitions  for  power  calculations.  New  orthogonal  definitions  for  these  voltages 
and  currents  are  presented,  and  shown  to  be  appropriate  for  power  calculations.  Multiple 
mode  s-parameters  are  developed  which  for  the  first  time  completely  describes  the  linear 
behavior  of  an  RF  differential  circuit.  These  concepts  are  verified  through  simulations  of 
RF  differential  circuitry.  The  first  network  analyzer  for  the  measurement  of  multi-mode 
s-parameters  is  constructed,  and  the  inherent  accuracy  advantages  of  the  system  are  estab- 
lished. Fundamental  work  in  multi-port  network  analyzer  calibration  proceeds  beyond 
any  previously  published  work,  and  a  verification  procedure  establishes  the  accuracy  of 
the  calibration.  Measurements  with  the  multi-mode  network  analyzer  includes  the  first  of 
integrated  differential  circuits.  Extensions  of  s-parameter  design  techniques  to  multi- 
mode  circuits  are  presented  that  will  formalize  the  design  and  analysis  of  RF  differential 
circuits. 

This  dissertation  is  organized  in  the  following  manner.  In  Chapter  2,  techniques 
for  analysis  and  measurement  of  differential  circuits,  prior  to  this  work,  are  discussed. 
Chapter  3  presents  original  work  of  extending  scattering  parameter  theory  to  differential 
circuits.  A  new  measurement  system  for  the  measurement  of  mode-specific  s-parameters 
is  introduced  in  Chapter  4.  Chapter  5  examines  the  accuracy,  and  establishes  the  intrinsic 
accuracy  advantages,  of  this  system  for  the  measurement  of  differential  circuits.  The  cali- 
bration theory  and  implementation  for  the  new  measurement  system  is  developed  in 
Chapter  6.  In  Chapter  7,  the  results  of  accuracy  verification  of  this  new  system  are  pre- 
sented. The  remaining  chapters  of  the  dissertation  focus  on  applications  of  the  mode-spe- 
cific s-parameter  concepts.  Chapter  8  applies  the  new  mode-specific  concepts  to  power 


splitters  and  combiners.  Several  thin-film  metal  differential  structures,  fabricated  on  alu- 
minum oxide,  are  studied  in  Chapter  9.  Circuit-to-circuit  crosstalk  for  IC  structures  on  sil- 
icon is  studied  in  Chapter  10,  and  conclusions  are  made  about  practical  implementation  of 
ICs.  Chapter  1 1  discusses  properties  of  the  new  s-parameters  and  provides  basic  analysis 
and  design  tools  for  use  with  RF  differential  circuits.  Chapter  12  concludes  this  disserta- 
tion with  a  summary,  some  discussions,  and  remarks  on  future  research. 


CHAPTER  2 
PRIOR  THEORIES  AND  TECHNIQUES 


This  chapter  serves  as  a  summary  of  past  theoretical  and  experimental  techniques 
that  are  applied  to  differential  circuits.  The  focus  of  the  chapter  is  RF  and  microwave  dif- 
ferential circuits.  However,  lower  frequency  work  has  had  a  profound  effect  on  the  sub- 
ject, so  the  examination  will  include  relevant  analog  techniques. 

In  the  area  of  theoretical  analysis,  the  subjects  presented  include  multi-mode  trans- 
verse electromagnetic  (TEM)  structures  such  as  coupled  transmission  lines.  The  analog 
methods  that  have  provided  the  basic  concepts  of  differential  circuit  analysis  are  summa- 
rized. Network  representation  of  a  differential  circuit  is  reviewed,  and  its  application  to  an 
RF  differential  circuit  is  explored.  The  traditionally  accepted  definitions  of  differential 
and  common-mode  voltages  and  currents  are  shown  to  be  non-orthogonal,  i.  e.,  as  a  sys- 
tem, the  definitions  do  not  conserve  energy. 

The  measurement  techniques  of  RF  differential  circuits  are  then  summarized. 
Analog  differential  circuit  measurement  techniques  are  briefly  examined  as  background. 
All  widely  practiced  measurement  approaches  for  RF  and  microwave  differential  circuits 
are  presented  in  general,  and  are  shown  to  provide  inadequate  characterization  of  the 
device  under  test. 


2, 1 .  Fundamental  Theories  of  Analysis 

The  topics  presented  in  the  following  sections  represent  some  of  the  most  promi- 
nent concepts  in  differential  circuit  analysis.  The  subjects  are  coupled  transmission  lines, 
analog  methods,  and  network  representations,  and  each  topic  holds  a  unique  concept 
which  shapes  later  theoretical  developments. 
2.1.1.  Coupled  Transmission  Line  Pairs 

In  a  survey  of  prior  work  in  the  RF  and  microwave  fields,  one  early  area  of  work  is 
found  to  share  many  concepts  with  differential  circuits  in  general.  The  work  done  in  cou- 
pled transmission  lines,  and  their  applications,  describe  multiple  mode  behavior  that  is 
analogous  to  differential  circuit  modes.  The  importance  of  this  transmission  line  work  in 
this  context  is  the  treatment  of  the  simultaneous  existence  of  two  modes  of  propagation. 

The  coupled  transmission  line  pair  theories  have  their  foundations  in  electromag- 
netic field  descriptions  [6,  7].  Systematic  treatment  of  the  coupled  pair  transmission  line 
begins  with  the  examination  of  the  two  fundamental  TEM  modes.  Planar  coupled  trans- 
mission lines  such  as  stripline  are  of  particular  importance  due  to  fabrication  advantages. 
As  a  result,  much  early  work  considers  planar  structures.  With  such  structures,  the  two 
fundamental  TEM  modes  are  called  odd  and  even  for  their  respective  field  symmetry,  with 


(a)  (b) 


Figure  2-1.       Electric  field  distributions  in  planar  coupled  transmission  lines, 
a)  Odd-mode  electric  field;  b)  Even-mode  electric  field. 


the  terminology  apparently  first  introduced  by  Cohn  [6],  Representations  of  the  electric 
field  distributions  for  the  two  fundamental  TEM  modes  are  shown  in  Figure  2-1.  In 
Figure  2- 1  (a)  the  signal  conductors  are  at  equal  but  opposite  potentials  and  carry  equal  but 
opposite  currents,  and  hence  this  is  called  the  odd  mode.  In  Figure  2- 1(b)  the  signal  con- 
ductors are  the  same  potential  and  carry  equal  currents;  this  is  called  the  even  mode. 

Early  work  was  limited  to  only  physically  symmetric  structures  [6],  and  the  terms 
even  and  odd  apply  only  with  such  limitations.  Tripathi  later  extended  the  theory  to 
include  any  coupled  pair  transmission  line  structure  [8].  With  this  extension,  the  two 
modes  became  c  and  7i-modes,  respectively,  and  the  symmetry  in  the  field  distribution  was 
lost.  With  the  loss  of  the  even  and  odd-modes,  the  direct  analogy  to  differential  and  com- 
mon-modes becomes  less  clear. 

Although  important  for  the  treatment  of  simultaneous  modes,  the  coupled  trans- 
mission line  work  is  limited  to  transmission  line  applications.  The  theory  is  cast  in  terms 
of  characteristic  impedances,  propagation  constants,  etc.,  and  is  not  directly  applicable  to 
a  general  differential  circuit.  Previous  work  has  been  specific  to  descriptions  of  coupled 
transmission  lines  [6,  8-15]  and  shielded  balanced  transmission  lines.  In  the  literature, 
the  coupled  transmission  work  has  been  most  commonly  applied  to  directional  couplers 
[2,  16-  18]  rather  than  to  differential  circuits  in  general.  All  of  the  referenced  work  deals 
with  specific  TEM  structures,  and  is  not  suitable  for  characterization  of  a  generic  differen- 
tial circuit. 

Despite  the  narrow  application  of  prior  work,  the  theory  of  coupled  transmission 
lines  provides  the  foundation  on  which  general  multi-mode  network  analysis  is  built. 
Scattering  parameters  are  a  relative  measure  of  a  network's  response,  so  any  mode-spe- 
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cific  s-parameters  must  be  defined  with  respect  to  some  reference  impedance.  In 
Chapter  3,  the  theory  of  coupled  transmission  lines  will  be  used  to  rigorously  define  the 
reference  impedance  for  the  different  modes. 
2.1.2.  Analog  Methods 

Traditional  analog  methods  play  a  central  role  in  the  prior  work  with  differential 
circuits.  The  work,  which  employs  lumped  element  assumptions,  is  used  primarily  for 
audio  or  near-audio  frequencies.  Of  course,  most  any  general  analog  circuit  techniques 
can  be  applied  to  an  analog  differential  circuit,  but  some  specialized  concepts  are  of  par- 
ticular importance. 

Analog  theories  have  provided  the  fundamental  definitions  of  differential  and 
common-mode  voltages.  Referring  to  Figure  1-1,  the  differential-mode  voltage  at  port 
one  is  defined  as 


vd\  =  v\-v2 
and  the  common-mode  voltage  at  port  one  is  defined  as 


The  differential  current  into  port  one  is 


h  -i 


1~'2 


Ml-      2 
and  the  common-mode  current  into  port  one  is 


.     _'l+'2 
!cl  "      9 


(2-1) 


(2-2) 


(2-3) 


(2-4) 
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with  similar  definitions  at  port  two.  These  definitions  have  lead  to  voltage  gain  concepts 

Vji  vc2 

A   =  J?  A    =  J?  (2-5) 

d      "dl  V=i 

These  definitions  are  widely  accepted  as  evidenced  by  examples  found  in  the  texts  by 

Gray  and  Meyer  [4],  Middlebrook  [19]  and  Giacoletto  [20],  as  well  as  other  recent  works 

[12,21]. 

Of  particular  interest  in  analog  techniques  is  the  method  of  differential  and  com- 
mon-mode half-circuits.  This  technique  allows  circuit  analysis  simplification  by  consider- 
ing separately  the  response  of  the  circuit  to  a  pure  differential  signal  and  a  pure  common- 
mode  signal  [4].  For  an  instructive  example  of  the  application  of  half-circuit  methods,  see 
Appendix  A.  These  analog  techniques  are  useful  in  gaining  insight  into  differential  ampli- 
fier operation.  However,  these  techniques  have  some  limitations.  First,  these  equivalent 
circuit  approaches  can  become  intractable  as  high  frequency  effects  are  included.  Also, 
they  are  inherently  lumped  element  approaches,  and  are  not  easily  adapted  to  include  dis- 
tributed circuit  elements  that  become  important  at  RF  and  higher  frequencies. 

The  most  fundamental  limitation  is  that  the  half-circuit  techniques  are  applied  only 
to  symmetric  differential  circuits.  It  has  been  shown  [19],  that  perfectly  symmetric  (or 
balanced)  differential  circuits  exhibit  no  mode  conversion.  By  limiting  the  analysis  to 
symmetric  circuits,  or  by  neglecting  any  asymmetry,  the  phenomenon  of  mode  conver- 
sion is  completely  ignored.  Mode  conversion  occurs  when  a  stimulus  of  a  pure  mode  cre- 
ates an  output  of  more  than  one  mode.  For  example,  if  a  pure  differential  signal  drives  an 
amplifier,  and  both  a  differential-mode  and  a  common-mode  output  signal  are  produced, 
then  some  conversion  from  differential  to  common-mode  has  occurred. 
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Mode  conversion  is  an  important  phenomenon  for  RF  and  microwave  differential 
circuits,  and  in  amplifiers  in  particular.  It  has  also  been  shown  [19]  that  mode  conversion 
will  affect  the  maximum  achievable  common-mode  rejection  ration  (CMRR).  A  critical 
parameter  of  differential  amplifier  design,  CMRR  quantifies  the  ability  of  an  amplifier  to 
amplify  differential  signals  and  reject  common-mode  signals.  Understanding,  predicting, 
and  measuring  the  phenomenon  of  mode  conversion  can  be  important  to  the  performance 
of  RF  differential  circuits. 
2.1.3.  Linear  Network  Representations 

Linear  time-invariant  (LTI)  network  representation  is  a  basic  and  useful  circuit 
analysis  technique  which  is  widely  applied  to  two-port  and  three-terminal  circuits  of  both 
analog  and  RF  applications  [22].  Network  representations  are  distinctly  suitable  for 
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Figure  2-2.       Notation  of  an  n-port  linear  time-invariant  network. 
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descriptions  of  distributed  element  circuits  as  encountered  in  RF  and  microwave  applica- 
tions. It  is  of  use  then  to  examine  the  application  of  LTI  network  theory  to  differential  cir- 
cuits. 

A  circuit,  or  network,  with  n  pairs  of  terminals  which  are  used  as  input/output  con- 
nections is  known  as  an  rc-port  network.  The  notation  conventions  for  an  n-port  network 
are  shown  in  Figure  2-2.  The  dashed  line  connecting  the  1 '  terminal  to  ground  indicates 
that  some  or  all  of  the  return  terminals  can  be  grounded.  The  behavior  of  the  network  is 
described  by  a  set  of  equations  that  are  expressed  in  terms  of  the  defined  voltages  and  cur- 
rents (or  quantities  that  are  related),  which  can  be  written  in  matrix  form.  The  matrix 
description  leads  to  a  convenient  set  of  parameters  for  a  circuit.  Some  commonly  used 
parameters  are  impedance  Z,  admittance  ¥,  hybrid  h,  and  chaining  ABCD.  These  param- 
eters are  all  based  on  voltage  and  current  descriptions  of  the  network.  Other  parameters, 
such  as  scattering  parameters  (s-parameters),  are  based  on  functions  of  voltage  and  cur- 
rent. 
2.1.3.1.  Analog  Network  Parameters 

Network  representations  can  be  applied  to  differential  circuits  in  at  least  two  ways. 
One  possible  application  of  network  theory  is  to  interpret  each  input  and  output  terminal 
of  the  differential  circuit  as  a  port  with  the  return  path  grounded.  This  approach  is  quite 
common,  and  will  be  referred  to  as  the  standard  approach  to  network  representation.  With 
this  approach,  all  of  the  inputs  and  outputs  of  the  differential  circuit  are  ground  referenced 
(single-ended).  In  this  case,  the  network  will  always  have  2n  ports,  where  n  is  number  of 
differential  inputs  and  outputs.  For  example,  a  differential  amplifier  can  be  represented  as 
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a  four-port  network,  shown  in  Figure  2-3.  Here  the  port  voltages  are  related  to  the  differ- 
ential and  common-mode  voltages  [12,  19,  20]  by 


'i  =  — +  vci 


Ml 


-2"  +  vcl 


"d2 

V3   =  ^-  +  Vc2 


"d2 


(2-6) 


— +  vc2 


(2-7) 


The  port  currents  can  similarly  be  related  to  differential  and  common-mode  currents 

»'l   =  'dl  +  'cl  »3  =  'd2  +  /c2 

'2  =  ~'dl  +'cl  !4  =  _id2  +  'c2 

By  defining  the  port  voltages  and  currents  as  such,  the  network  description  of  the  differen- 
tial circuit  can  be  completed  in  terms  of  any  useful  parameters. 

There  is  a  critical  limitation  with  this  particular  approach  to  network  representa- 
tion of  differential  circuits.  Since  all  port  voltages  and  currents  are  functions  of  both  dif- 
ferential and  common-mode  quantities,  all  the  resulting  network  parameters  will  also  be 
combinations  of  both  mode  responses.  The  response  of  the  circuit  to  a  specific  mode  is 
not  obvious  from  inspection  of  the  parameters.  This  commingling  of  the  modal  responses 


1       o. 


Figure  2-3.       Network  representation  of  differential  amplifier. 
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is  a  distinct  disadvantage,  since  the  implicit  purpose  of  a  differential  circuit  is  to  provide  a 
certain  response  to  a  differential  stimulus.  So,  although  the  standard  approach  to  network 
representation  is  a  sufficient  description  of  differential  circuits,  it  is  non-intuitive.  There- 
fore, a  second  approach  to  network  descriptions  of  differential  circuits  will  be  described. 

The  second  type  of  network  representation  of  differential  circuits  describes  the  cir- 
cuit explicitly  in  terms  of  modal  responses.  By  using  modal  definitions  of  voltage  and 
current  as  given  in  (2-1)  to  (2-4),  a  network  description  can  be  defined.  First,  the  inputs 
and  outputs  must  be  paired  appropriately.  For  example,  ports  one  and  two  can  be  paired  to 
create  a  differential  port.  This  pairing  of  signals  is  extremely  useful  in  low-noise  systems, 
as  discussed  in  Chapter  1 .  For  example  the  z-parameters  of  a  differential  amplifier  can  be 
defined  [20]  as 


r    -i 

vdi 

vcl 

vd2 

.Vc2 

zdl,dl  zdl,cl  zdl,d2  zdl,c2 

Zcl,dl   zcl,cl  zci,d2  zcl,c2 

zd2,dl  zd2,cl  zd2,d2  zd2,c2 

zc2,dl   zc2,cl  zc2,d2  zc2,c2 


(2-8) 
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Figure  2-4.       Modal  notation  of  an  two-port  differential  network. 
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This  network  description  can  be  interpreted  directly  in  terms  of  differential  and 
common-mode  responses.  The  network  diagram  can  be  modified  to  reflect  the  explicit 
modes,  as  shown  in  Figure  2-4.  This  approach  will  be  called  the  modal  network  represen- 
tation. Note  that  a  two-port  differential  circuit  is  represented  again  by  a  four-port  net- 
work; in  general,  an  n-port  differential  circuit  will  have  a  2n-port  network.  The  separation 
of  the  differential  and  common-mode  ports  in  the  network  representation  is  a  useful  con- 
ceptual tool.  The  modal  network  representation  presented  thus  far  is  useful  in  the  analysis 
of  analog  differential  circuits.  However,  the  application  of  this  technique  to  RF  and 
microwave  circuits  is  of  limited  use  as  will  be  discussed  in  the  next  section. 
2. 1 .3.2.  RF  Network  Parameters 

Power-based  scattering  parameters  are  widely  used  in  RF  and  microwave  fields  to 
represent  circuits  and  devices  with  distributed  elements.  As  its  name  implies,  scattering 
parameters  represent  a  scattering  or  separation  of  a  signal  by  a  device  under  test.  The  scat- 
tered signals  are  the  reflected  and  transmitted  electromagnetic  waves  that  are  produced 
when  a  device  is  stimulated  with  an  incident  wave.  Scattered  wave  descriptions  of  net- 
works are  very  important  when  operation  frequencies  are  high  enough  such  that  circuit 
elements  become  a  significant  fraction  of  a  wavelength  (approximately  one  tenth  of  a 
wavelength).  Scattering  parameters  originate  in  transmission  line  concepts.  As  such,  they 
are  always  defined  with  respect  to  a  characteristic  impedance,  or  reference  impedance. 
The  primary  benefit  of  s-parameters  is  ease  in  measurement.  In  distinction  to  voltage-cur- 
rent derived  parameters,  s-parameters  are  measured  with  ports  terminated  in  the  character- 
istic impedance.  This  has  meaningful  practical  implications,  since  short-circuits  and 
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open-circuits  are  extremely  difficult  to  realize  at  RF  and  microwave  frequencies  due  to 
distributed  element  effects. 

Scattering  parameters  will  first  be  developed  in  terms  of  transmission  line  quanti- 
ties, to  provide  insight  into  their  wave  aspect.  Following  this  definition,  the  generalized 
definition  will  be  given. 

The  following  development  is  summarized  from  Gonzalez  [23],  The  voltage  and 
current  along  a  transmission  line,  such  as  in  Figure  2-5,  satisfy  the  set  of  differential  equa- 
tions 

ArV{x)-y2V(x)  =  0 
dxl 

2  (2-9) 

-^jl(x)-y2[(x)  =  0 
dx 

where  y  is  the  propagation  constant.  The  general  solution  of  (2-9)  is 

V(x)  =  Ae~yx  +  Beyx 

„  .        A    -ix     B    yx  (2-10) 

I(x)  =  =-e       -j-e' 

where  A  and  B  are  complex  constants  and  Zn  is  the  characteristic  impedance.  The  propa- 
gation constant  and  the  characteristic  impedance  can  be  expressed  in  terms  of  the  parame- 
ters R.  G,  L,  C  which  are  the  resistance,  conductance,  inductance,  and  capacitance  per  unit 
length  of  the  transmission  line 


Y  =  J(R+j(oL)(G+jaC)  Z„  =  J**^c  (2-11) 

Given  the  phasor  notation  V*(x)=Ae'lx  and  V(x)=Beix ,  and  by  limiting  the  transmission 
line  to  be  lossless  (i.e.  Zq  =  Re(Z0}),  then  the  important  normalized  quantities  are  defined 
as 


V(x) 


Jz0 


With  these  definitions,  (2-10)  becomes 
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v(x)  =  ^  i(x)  =  I(x)JZ0 


Jz0 


v(x)  =  a(x)  +  b(x) 
i(x)  =  a(x)  -  b(x) 


(2-12) 


(2-13) 


The  a  and  b  waves  are  the  incident  and  reflected/transmitted  normalized  power  waves,  and 
they  are  the  primary  quantities  of  s-parameters. 


+ 
V 


I 


x=-l 


x=0 


Figure  2-5.       Terminated  transmission  line. 

When  applied  to  an  n-port  network,  such  as  in  Figure  2-2,  the  a  and  b  waves  result 
in  a  s-parameter  description 


s, ,  stl  ...  S. 


11  •'12 


21   ■>22   •■'  ■>2n 


(2-14) 


or  simply  5  =  Sa  where  the  bar  over  a  lower-case  variable  represents  a  column  vector  [23]. 
The  definition  of  s-parameters  can  be  generalized  to  include  complex  characteris- 
tic impedances.  This  generalization  also  removes  the  dependency  of  the  s-parameter  on 
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transmission  lines.  The  definition  is  based  on  a  generalized  power  wave  at  the  n-th  port 
[23  -  25] 

1 


=  [v    +i  Z 


»       2  /Re(F)     "      "   " 
j    =  — ,  [  v   -  i  Z  * 


(2-15) 
b     =  [v    -i  Z  *] 


The  s-parameter  matrix  equation  (2-14)  remains  the  same. 

Scattering  parameters  have  not  been  widely  applied  to  the  analysis  or  measure- 
ment of  differential  circuits.  S-parameters  would  provide  the  same  benefits  to  RF  differ- 
ential circuits  as  they  do  for  other  RF  and  microwave  circuits.  Conceptually,  the 
representation  of  differential  circuits  with  s-parameters  is  not  difficult.  In  fact,  with  the 
standard  network  representation  discussed  earlier,  a  n-port  differential  circuit  can  be 
described  with  a  2«-by-2n  s-parameter  matrix,  without  any  additional  consideration. 
However,  this  approach  has  the  same  disadvantages  as  previously  described,  namely,  the 
parameters  do  not  provide  useful  indications  of  the  differential  and  common-mode 
responses.  For  a  illustration  of  the  difficulties  of  interpreting  the  standard  four-port 
s-parameters  of  an  RF  differential  amplifier,  see  Appendix  D. 

The  above  limitations  could  be  removed  by  extending  s-parameter  theory  to  a 
modal  network  representation.  This  extension  has  not  been  completed  prior  to  this  work, 
and  this  dissertation  later  presents  the  extension. 

A  straight-forward  extension  of  s-parameter  theory  to  a  modal  network  represen- 
tation would  apply  the  traditional  definitions  of  modal  voltages  and  currents  in  (2-1) 
through  (2-4)  to  the  generalized  power  wave  definitions  of  (2-15).  However,  the  voltage 
and  current  definitions  of  (2-1 )  through  (2-4)  are  not  an  acceptable  basis  for  a  power  wave 
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network  representation.  Straight-forward  application  of  these  definitions  results  in  quanti- 
ties that  do  not  conserve  energy.  The  difficulties  with  power  calculations  using  these 
quantities  can  be  demonstrated  with  a  simple  example. 

Suppose  two  sources  of  power  have  potentials  V|  and  V2  and  source  currents  7j 
and  72,  respectively.  Assume  the  sources  are  harmonically  time  varying  (so  Vj  and  7,-  are 
phasors,  as  indicated  by  the  bar  over  the  upper-case  variable)  but  have  no  specific  phase 
relation.  The  power  delivered  by  the  two  sources  is 

P,  =  Re^*)  P2  =  Re(^*)  (2-16) 

and  the  total  power  in  both  sources  is 

PT=Pl+P2  (2-17) 

By  definitions  (2-1)  through  (2-4),  the  differential  and  common-mode  voltage  and  current 
can  be  expressed  as 

1 
7,-/2) 

(2-18) 


Vi  =  VX-V2  'd  =  2(7l-'2) 


The  power  in  each  mode  is  then 

Pi  =  MVa*)  Pc  =  Re(V~c/~*)  (2-19) 

If  the  modal  definitions  are  consistent,  then  the  total  power  of  the  modes  must  be  equal  to 
the  total  power  of  the  sources  by  the  conservation  of  energy.  Expanding  (2-19) 

Pd  =  \[K^VxT*)  +  ^(VJ2*)-Kt(VJ'1*)-Kt(V2T*)} 

.  (2-20) 

Pc  =  g[Re(V1/1*)  +  Re(V2/2*)  +  Re(V|/2*)  +  Re(V271*)] 

and  the  sum  of  mode  power  is 
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PA  +  Pc  =  |[3Re(iy7)  +  3Re(Vy^)  -  Re(V^*)  -  Re^*)]  (2-21) 

Expanding  the  sum  of  the  source  powers  in  (2-17) 

PT  =  P[+P2  =  Re(Vir*)  +  Re(V2r2*)*Pd  +  Pc  (2-22) 

which  clearly  shows  that  the  voltage  and  current  definitions  of  (2-1)  through  (2-4)  are  not 
directly  usable  in  power  calculations. 

The  voltage  and  current  definitions  of  (2-1)  through  (2-4)  can  be  used  for  power 
and  power-wave  calculations  if  care  is  taken  to  account  for  the  non-orthogonal  nature  of 
the  system.  However,  it  is  much  more  convenient  to  define  new  mode  voltages  and  cur- 
rents that  are  orthogonal.  These  new  definitions  are  given  in  Chapter  3,  Section  3.1.1 

Despite  the  advantages  of  scattering  parameters,  there  is  no  acceptable  theoretical 
treatment  of  s-parameter  network  representations  for  differential  circuits  prior  to  this 
work.  The  attempts  at  applying  s-parameters  to  RF  differential  circuits  have  relied  upon 
intuitive  notions  of  differential  s-parameters  [26,  21].  As  such,  the  prior  incomplete  theo- 
ries have  not  treated  several  fundamental  principles  that  a  rigorous  theory  requires.  The 
principles  in  question  are  conversation  of  energy  (orthogonality)  in  the  modes,  precise 
definitions  of  reference  impedances  for  all  modes,  rigorous  definitions  of  all  pure  modal 
responses,  and  self-consistent  definitions  of  conversion  responses  between  modes. 
2.2.  Measurement  Techniques 

When  examining  prior  work  on  circuits  with  multiple  simultaneous  modes  of 
propagation,  consideration  must  be  given  to  accepted  measurement  techniques.  The  state 
of  the  theoretical  development,  and  of  the  organization  of  the  field  as  a  whole,  can  be 
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observed  in  the  completeness  and  accuracy  (or  the  lack  thereof)  of  generally  accepted 
measurement  techniques. 

Again,  the  scope  of  this  survey  of  prior  work  will  be  limited  to  subjects  related  to 
differential  circuits.  The  topics  presented  in  the  following  sections  represent  some  of  the 
most  widely  practiced  measurement  techniques  for  differential  circuits.  The  subjects  are 
divided  between  the  analog  techniques,  RF/microwave  scalar  approaches,  and  scattering 
parameter  measurements.  The  treatment  of  the  measurement  techniques  is  not  intended  to 
be  exhaustive,  but  it  is  representative  of  the  common  types  of  measurements  presently 
applied  to  differential  circuits. 
2.2.1.  Single  Mode  Analog  Measurements 

Analog  measurements  of  differential  circuits  are  typically  direct  measurements  of 
voltages  and  currents,  which  are  primarily  limited  to  audio  or  near-audio  frequencies  (i.e. 
typical  analog  frequencies)  [27].  The  reason  for  this  limitation  is  due  to  distributed  nature 
of  circuits  as  frequencies  approach  RE  With  distributed  circuits,  there  will  be  transmis- 
sion line  effects.  With  transmission  line  effects,  the  voltage  and  current  will  be  functions 
of  the  position  along  the  line.  Furthermore,  parasitic  capacitances  and  inductances 
become  significant  at  these  frequencies,  and  effect  the  performance  of  the  DUT.  As  a 
result,  it  is  difficult  to  make  unambiguous  measurements  of  voltage  and  current  at  RF  and 
higher  frequencies. 

Differential  analog  measurements  typically  employ  single-ended  to  differential 
converters  (called  baluns)  to  stimulate  and  measure  the  DUT  in  an  ideally  pure  differential 
mode.  However,  these  converters  are  not  ideal,  and  they  affect  the  accuracy  of  the  mea- 
surements. Most  significantly,  the  measurements  inevitably  include  the  effects  of  these 
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converters,  and  little  can  be  done  to  remove  them.  For  a  more  detailed  description  of  typ- 
ical analog  differential  measurements,  see  Appendix  B. 
2.2.2.  Single  Mode  RF  and  Microwave  Measurements 

When  a  differential  circuit  operates  in  the  RF/microwave  frequencies,  voltage  and 
current  measurements  are  no  longer  practical.  Instead,  the  appropriate  measurements  deal 
with  transmission  of  waves  and  power.  Some  of  the  most  common  and  important  RF 
measurements  of  differential  circuits  are  presented  below. 

The  primary  difficulty  with  RF  differential  measurements,  like  analog  measure- 
ments, is  the  generation  and  reception  of  differential  signals.  Also  like  analog  measure- 
ments, RF  measurements  require  baluns.  For  RF,  center-tapped  transformers  are  available 
that  can  operate  to  1  GHz  [28],  For  higher  frequencies,  power  splitter/combiners,  such  as 
hybrid  couplers,  are  generally  used.  The  one  consequential  difference  from  the  analog 
baluns  is  that  the  RF/microwave  baluns  have  more  non-ideal  performance. 

Differential-mode  RF  measurements  can  be  made  with  the  use  of  180°  power  split- 
ters/combiners, and  common-mode  RF  measurements  can  be  made  with  0°  power  split- 
ters/combiners. Like  the  analog  measurements,  these  RF/microwave  measurements 
assume  single-mode  inputs  and  output,  and  are  called  single  mode  measurements. 
2.2.2.1.  Scalar  Power  Measurements  Including  Baluns 

One  widely  used  type  of  RF  measurement  of  differential  circuits  is  a  scalar  power 
measurement.  This  measurement  provides  the  magnitude  of  the  power  gain.  The  mea- 
surement may  take  the  form  of  a  constant  amplitude  input  signal  swept  across  frequency, 
resulting  in  a  gain  versus  frequency  characteristic.  Alternatively,  the  input  power  level 
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can  be  swept  at  a  fixed  frequency,  resulting  in  a  output  power  versus  input  power  charac- 
teristic. 

Regardless  of  the  specific  measurement,  scalar  power  measurements  have  the 
same  basic  instrumentation.  The  signal  source  is  an  RF  signal  generator,  the  measurement 
instrument  is  a  power  meter  or  a  spectrum  analyzer,  and  RF  baluns  must  be  used.  A  typi- 
cal measurement  system  is  shown  in  Figure  2-6. 

Like  the  analog  measurements,  the  scalar  RF  power  measurements  include  the 
effects  of  the  baluns.  The  effects  of  the  baluns  are  even  more  difficult  to  remove  at  RF 
frequencies  than  at  analog.  This  difficulty  is  due  to  the  increased  non-ideal  performance 
of  the  baluns.  The  non-ideal  performance  is  typically  specified  in  terms  of  loss,  magni- 
tude imbalance,  and  phase  imbalance.  The  effect  of  the  baluns  on  the  accuracy  of  the 
measurement  can  be  examined  qualitatively. 

RF  baluns,  such  as  1 80°  3  dB  hybrid  couplers,  have  magnitude  and  phase  imbal- 
ance in  the  splitting  of  a  signal.  Ideally,  a  1 80°  3  dB  hybrid  coupler  would  take  a  single 
input  signal  and  split  it  into  two  equal  amplitude  signals  with  180°  phase  difference.  With 
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Figure  2-6.       RF  scalar  power  measurement  of  differential  circuit. 
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an  ideal  splitter  a  pure  differential  mode  signal  could  be  constructed.  However,  the  mag- 
nitude and  phase  imbalance  means  that  the  two  outputs  of  the  splitter  are  not  exactly  equal 
amplitude,  and  the  phase  difference  is  not  180°.  As  a  result,  a  pure  differential  signal  is 
not  produced  by  a  real  power  splitter,  and  a  test  circuit  is  only  driven  in  an  approximately 
single  mode  fashion.  The  magnitude  and  phase  imbalance  also  affect  the  combination  of 
two  signals.  In  essence,  the  imbalance  causes  a  spurious  response  to  a  common  mode 
input.  The  combined  effect  of  the  imbalances  in  the  power  splitter  and  combiner  is  to 
measure  a  commingled  response  of  the  circuit  to  both  a  large  differential  and  small  com- 
mon-mode input.  The  differential  and  common-mode  responses  cannot  be  distinguished 
by  the  instruments,  and  the  overall  measurement  accuracy  is  reduced.  These  effects  are 
examined  in  detail  in  Chapter  8. 
2.2.2.2.  Scattering  Parameters  with  Baluns 

A  less  prevalent,  but  important,  technique  for  RF/microwave  differential  circuits  is 
single  mode  (differential)  s-parameter  measurement  [26].  This  approach,  as  implied  by  its 
name,  attempts  to  measure  s-parameters  of  a  circuit  with  input  signals  and  output  signals 
of  a  single  (differential)  mode. 

Like  other  single  mode  measurements,  this  technique  employs  baluns.  The  most 
common  application  of  this  method  is  the  measurement  of  the  differential  response  of  a 
circuit  with  s-parameters.  The  measurement  system  includes  a  standard  two-port  vector 
network  analyzer  (VNA)  which  automatically  measures  the  s-parameters  of  a  two-port 
device  and  a  pair  of  180°  3dB  power  splitters/combiners.  This  approach  has  also  been 
applied  to  on-wafer  measurements  of  differential  circuits  [26].  The  schematic  of  the  sys- 
tem is  shown  in  Figure  2-7. 
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Figure  2-7.       S-Parameter  measurement  of  differential  circuit. 


This  measurement  technique  suffers  from  the  same  problems  as  the  scalar  RF  mea- 
surements. The  magnitude  and  phase  imbalance  in  the  splitters/combiners  and  the  neglect 
of  mode  conversion  will  all  produce  errors  in  the  measured  s-parameters.  However,  the 
s-parameter  approach  represents  an  important  extension  of  measurement  techniques.  In 
contrast  to  scalar  measurements,  s-parameters  are  by  their  nature  vector  quantities,  and 
hence  they  represent  both  magnitude  and  phase  measurements. 

Another  limitation  of  this  technique  as  reported  is  the  lack  of  rigorous  definition  of 
differential  and  common-mode  scattering  parameters.  Calibration  of  the  measurement 
system,  a  necessity  for  all  accurate  VNA  measurements,  is  also  undefined.  Although  lim- 
ited in  accuracy  due  to  the  cited  problems,  a  calibration  for  this  system  could  be  derived 
from  the  theory  presented  later  in  this  work. 
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2,3,  Summary  of  Past  Theory  and  Techniques 

Clearly,  an  opportunity  exists  to  extend  the  accuracy  of  analysis,  design,  and  mea- 
surement of  differential  circuits  into  the  RF  and  microwave  frequencies.  By  combining 
the  core  principles  of  differential  circuits  traditionally  belonging  to  the  analog  domain 
with  established  RF  techniques  like  scattering  parameters,  a  strong  contribution  to  both 
fields  is  achieved.  In  the  next  chapter,  the  concepts  of  multi-mode  analog  differential  cir- 
cuits are  extended  into  a  rigorous  theory  for  the  analysis,  measurement  and  design  of  RF 
differential  circuits. 


CHAPTER  3 
FUNDAMENTAL  THEORY  OF  MODE  SPECIFIC  S-PARAMETERS 


3. 1 .  Mode  Specific  Scattering  Parameters  in  Differential  Circuits 

A  severe  limitation  in  differential-mode/common-mode  circuit  characterization  is 
a  lack  of  applicable  power  wave  and  s-parameter  theory  in  terms  of  these  two  modes. 
There  is  no  previously  reported  way  to  describe  s-parameters  based  on  mixed  differential- 
mode/common-mode  propagation.  Previous  work  most  closely  related  to  this  work  has 
been  specific  to  descriptions  of  coupled  transmission  lines  [8  -  15]  and  shielded  balanced 
transmission  lines.  Work  by  the  National  Bureau  of  Standards  on  balanced  transmission 
lines  used  s-parameters  to  describe  differential-mode  propagation,  but  neglected  common- 
mode  propagation  and  any  mode  conversions  [21].  In  the  literature,  the  coupled  transmis- 
sion work  has  been  most  commonly  applied  to  directional  couplers  [2,  16  -  18]  with  Cohn 
and  Levy  [3]  providing  a  historical  perspective  on  the  role  of  coupled  transmission  lines  in 
directional  coupler  development.  Past  work  on  coupled  transmission  lines  has  largely 
focused  on  voltage/current  relationships  and  Z,  Y,  and  ABCD-parameter  descriptions  of 
TEM  circuits.  One  notable  exception  to  the  Z/K/ABCD-parameter  approach  is  work  by 
Krage  and  Haddad  [29]  which  employs  traditional  normalized  power  waves  to  describe 
coupler  behavior.  However,  all  of  the  referenced  prior  work  deals  with  specific  TEM 
structures,  and  is  not  suitable  for  characterization  of  a  generic  differential  circuit. 
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The  following  sections  contain  original  work  in  the  definitions  of  multi-mode 
power  waves  and  s-parameters.  Portions  of  this  work  have  been  published  in  summary 
form  [30],  The  details  of  the  development  of  multi-mode  s-parameters,  and  new  related 
material,  are  contained  in  the  remainder  of  the  chapter. 
3.1.1.  Fundamental  Definitions  for  Differential  Circuits 

In  a  practical  RF/  microwave  implementation,  a  differential  circuit  is  based  on 
pairs  of  coupled  transmission  lines.  A  schematic  of  a  typical  two-port  RF/  microwave  dif- 
ferential system  is  shown  in  Figure  3- 1 .  Essential  features  of  the  microwave  differential 
circuit  in  Figure  3-1  are  the  coupled  pair  transmission  line  on  the  input  and  output  of  the 
DUT.  As  described  in  Chapter  2,  this  coupled  line  structure  allows  the  propagation  of  two 
TEM  modes. 

It  is  conceptually  beneficial  to  define  a  signal  that  propagates  between  the  lines  of 
the  coupled-pair  (as  opposed  to  propagating  between  one  line  and  ground).  Such  signals 
are  known  as  differential  signals,  and  can  be  described  by  a  difference  of  voltage  (Avj  #  0, 
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Figure  3- 1 .       Schematic  of  RF  differential  two-port  network. 
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Av2  *  0)  and  current  flow  between  the  individual  lines  in  a  pair.  By  such  a  definition,  the 
signal  is  not  referenced  to  a  ground  potential,  but  rather  the  signal  on  one  line  of  the  cou- 
pled pair  is  referenced  to  the  other.  Further,  this  differential  signal  should  propagate  in  a 
TEM,  or  quasi-TEM,  fashion  with  a  well-defined  characteristic  impedance  and  propaga- 
tion constant.  Coupled  line  pairs,  as  in  Figure  3-1,  allow  propagating  differential  signals 
(the  quantities  of  interest)  to  exist.  The  differential  circuit  discussion  in  this  chapter  will 
be  limited  to  the  two-port  case,  but  the  generalized  theory  for  n-port  circuits  can  be  readily 
derived  from  this  work. 

Most  practical  implementations  of  Figure  3-1  will  incorporate  a  ground  plane,  or 
some  other  global  reference  conductor,  either  intentionally  or  unintentionally.  This 
ground  plane  allows  another  mode  of  propagation  to  exist,  namely  common-mode  propa- 
gation. Conceptually,  the  common-mode  wave  applies  equal  signals  with  respect  to 
ground  at  each  of  the  individual  lines  in  a  coupled  pair,  such  that  the  differential  voltage  is 
zero  (i.e.  AV]  =  Av2  =  0).  The  ability  of  the  microwave  differential  circuit  to  propagate 
both  common-mode  and  differential-mode  signals  requires  any  complete  theoretical  treat- 
ment to  include  characterization  of  all  simultaneously  propagating  modes.  For  conve- 
nience, the  simultaneous  propagation  of  two  or  more  modes  (namely,  differential-mode, 
and  common-mode)  on  a  coupled  transmission  line  will  be  referred  to  in  this  work  as 
mixed-mode  propagation,  from  which  mixed-mode  s-parameters  will  be  defined. 

To  begin  the  development  of  a  rigorous  theory  of  mixed  differential  and  common- 
mode  normalized  power  waves,  the  two  modes  must  be  defined  in  a  self-consistent  fash- 
ion. A  differential  signal  propagates  between  the  lines  of  the  coupled-pair  (as  opposed  to 
propagating  between  one  line  and  ground),  and  a  common-mode  signal  propagates  with 
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equal  signals  with  respect  to  ground  at  each  of  the  individual  lines  in  a  coupled  pair.  The 
ability  of  the  microwave  differential  circuit  to  propagate  both  common-mode  and  differ- 
ential-mode signals  requires  any  complete  theoretical  treatment  to  include  characterization 
of  all  simultaneously  propagating  modes.  For  convenience,  the  simultaneous  propagation 
of  two  or  more  modes  (namely,  differential-mode,  and  common-mode)  on  a  coupled 
transmission  line  will  be  referred  to  as  mixed-mode  propagation,  from  which  mixed-mode 
s-parameters  will  be  defined. 
3.1.1.1.  Modal  Voltage  and  Currents 

At  this  point,  it  is  important  to  define  the  differential  and  common-mode  voltages 
and  currents  to  develop  a  self-consistent  set  of  mixed-mode  s-parameters.  Referring  to 
Figure  3-1 ,  define  the  differential-mode  voltage  at  a  point,  x,  to  be  the  difference  of 
between  voltages  on  node  one  and  node  two 

vdW  =  v,-v2  (3-1) 

This  standard  definition  establishes  a  signal  that  is  no  longer  referenced  to  ground.  In  a 
differential  circuit,  one  would  expect  equal  current  magnitudes  to  enter  the  positive  input 
terminal  as  leaves  the  negative  input  terminal.  Therefore,  the  differential-mode  current  is 
defined  as  one-half  the  difference  between  currents  entering  nodes  one  and  two 

«dW  =  5«l-'2)  (3-2) 

These  definitions  differ  from  previously  published  definitions  by  Zysman  and  Johnson 
[12]  due  to  change  in  references.  The  common-mode  voltage  in  a  differential  circuit  is 
typically  the  average  voltage  at  a  port.  Hence,  common-mode  voltage  is  one  half  the  sum 
of  the  voltages  on  nodes  one  and  two 
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vc(x)  =  2(v1+v2)  (3-3) 

The  common-mode  current  at  a  port  is  simply  the  total  current  flowing  into  the  port. 
Therefore,  define  the  common-mode  current  as  the  sum  of  the  currents  entering  nodes  one 
and  two 

icW  =  i|+'2  (3-4) 

Note  that  the  differential  current  includes  the  return  current,  and  the  return  current  for  the 
common-mode  signal  flows  through  the  ground  plane.  For  this  reason,  the  differential- 
mode  current  is  halved  where  the  common-mode  current  is  not.  This  definition  of  com- 
mon-mode current  differs  from  the  traditionally  accepted  definition  [4,  12,  19  -  21]. 

Definitions  in  (3-1)  to  (3-4)  are  self-consistent  with  the  differential  power  deliv- 
ered to  a  differential  load.  This  can  be  shown  by  demonstrating  that  these  definitions  con- 
serve the  total  energy  in  the  modes.  The  power  at  each  terminal  (x  =  0  for  example)  can  be 
expressed  as 

/>,  =  Re(v,i,*)  P2  =  Re(v2i2*)  (3-5) 

and  the  total  power  in  both  sources  is 

PT  =  Pl+P2  (3-6) 

The  power  in  each  mode  is 

Pd  =  Re(vd/d*)  Pc  =  Re(yc;c*)  (3-7) 

By  definitions  (3-1)  to  (3-4) 


Pd  =  j[Re(v1i1*)  +  Re(v2«2*)-Re(v1«2*)-Re(v2i1»)] 

Pc  =  2[Re(v1i1*)  +  Re(v2(2*)  +  Re(v|/2*)  +  Re(v2i|*)] 


(3-8) 
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and  the  sum  of  mode  power  is 

Pd  +  Pc  =  2[2Re(v1«1*)  +  2Re(v2i2*)]  =  Rsfy^+Refv^*)  (3-9) 

Expanding  the  sum  of  the  source  powers  in  (3-6) 

PT  =  Pl  +  P1  =  Re(vii]*)  +  Re(v2i2*)  (3-10) 

Therefore  the  sum  of  the  modal  power  is  equal  to  the  total  power 

P<i  +  Pc  =  Pl+P2  =  PT  (3-H) 

and  energy  is  conserved  by  the  definitions  of  common  and  differential-mode  voltages  and 
currents. 
3,1,1,2,  Coupled  Mixed-Mode  Signals 

To  begin  the  presentation  of  mixed-mode  s-parameters,  a  general  asymmetric  cou- 
pled transmission  line  pair  over  a  ground  plane  will  be  analyzed.  This  analysis  yields  mul- 
tiple propagating  modes  all  referenced  to  ground.  These  modes  will  be  used  to  express  the 


Figure  3-2.       Schematic  of  terminated  asymmetric  coupled-pair  transmission  line. 
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desired  differential  signal  between  the  lines  of  the  coupled-pair,  as  well  as  the  common 
signal  referenced  to  ground.  Figure  3-2  is  a  diagram  of  such  a  coupled-pair  transmission 
line,  with  all  pertinent  voltages  and  currents  denoted.  Also  shown  in  Figure  3-2  is  a  repre- 
sentation of  a  termination  for  the  coupled-pair  line.  Subject  to  the  simplifying  assump- 
tions, the  mathematical  results  of  this  chapter  are  applicable  to  any  pair  of  conductors  with 
a  nearby  ground  conductor. 

Referring  again  to  Figure  3-2,  the  behavior  of  the  coupled-line  pair  can  be 
described  by  [8] 

dv. 

Tx   =  -^i'i+Vz) 

dv2 

Tx    =  ~<Z2'2  +  Vl) 


(3-12) 
x   =  -(.ViVi+v„,v2) 


dii 


di0 

—  =  -Or2v2  +  ymv,) 

where  z\  and  z2  are  self-impedances  per  unit  length;  yj  and  y2  are  admittances  per  unit 
length;  and  zm  and  vm  are  mutual  impedance  and  admittance  per  unit  length,  respectively. 
Also,  a  harmonic  time  dependence  (i.e.  e10")  is  assumed. 

The  solution  to  the  set  of  equations  (3-12)  as  published  by  Tripathi  [8]  is  given  as 

v,  =  A^'1^  +  A2eycX  +  A^e~V  +  AAeV 
v2  =  A^R^*  +  A2RceV  +  AiRKe~y*X  +  A4RneV 

\   ~  7  7  7  7 

c\  ^c2  ^itl  ^2 

A\Rc  -yx    A2RC  yx    A3Rn  -Y-x    aar%  Y-x 
ir.  =  -r= — e    c   -^= — e  c   +^= — e    K   -  -^ — eK 
*-c\  Zr2  £n\  zit2 


(3-13) 
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where  A  | ,  and  A  3  represent  the  phasor  coefficients  for  the  forward  (positive  x)  propagating 
c  and  it-modes,  respectively,  and  A2,  and  A4  represent  the  phasor  coefficients  for  the 
reverse  (negative  x)  propagating  c  and  Ji-modes,  respectively.  The  characteristic  imped- 
ance of  the  c-modes  are  represented  by  Zc  |  and  ZC2  for  lines  A  and  B,  respectively,  and  the 
characteristic  impedance  of  the  it-modes  are  represented  by  Zn]  and  Zn2  for  lines  A  and  B, 
respectively.  Additionally,  Rc  =  v2/v|  for  Y=±yc,  Rn  =  v2lv\  fory=±yn,  and 

Ten  =  2 +V'"  (3"14) 

1 


±2'/(-vlzl->'2z2)2  +  4(zl>'m  +  J'2zm)(z2>'m  +  ->' 
Each  voltage/current  pair  at  each  node  represent  a  single  propagating  signal  referenced  to 
the  ground  potential.  These  signals  will  be  called  nodal  waves. 

A  practical  simplification  in  the  development  of  mixed-mode  s-parameter  theory  is 
to  assume  symmetric  coupled  pairs  (i.e.  lines  A  and  B  have  equal  width)  as  reference 
transmission  lines.  This  assumption  allows  simple  mathematical  formulations  of  mixed- 
mode  s-parameters.  Furthermore,  this  assumption  is  not  overly  limiting,  since  reference 
lines  may  be  made  arbitrarily  short.  For  symmetrical  lines,  in  (3-13)  Rc  =  1  and  RK  =  -1, 
and  the  c  and  the  7t-modes  become  the  even  and  odd  modes,  respectively,  as  first  used  by 
Cohn  [6].  For  notational  purposes,  we  shall  use  the  substitutions  c  — >  e  and  n  — >  o  for 
even-mode  and  odd-mode,  respectively.  With  these  substitutions,  the  mode  characteristic 
impedances  and  propagation  constants  become 

Zc\   =  Zc2  ~  Ze 

ZK\    =    Z7!2    =    Z0  (3-15) 

• c  ~  7e  i k  ~    *o 

Expressing  (3-13)  in  the  symmetric  case 
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— Y  x  y  X  — Y  X  Y  X 

v,  =  A,e  'e   +A2e'e   +  A3e  '°   +  A4e'° 
v2  =  A1e""V+A2«V-A3«"V-A4«V 

1    -YJC     ^2  YJt     A3   -YJC     ^4  Y„*  (3-16) 

i,  =  y-e    e   -y-e  e    +y-e    °   -j-e  ° 
zc  ze  Lo  Zo 

A,      ,T,        Aj     y x        Aj     _7    x         A4     y   x 

'2  =  Te       ~Te      -ze        +Ze 

e  e  o  o 

As  before,  these  voltage/current  pairs  are  nodal  waves  at  each  terminal  that  are  referenced 
to  ground. 

Expressing  the  differential  and  common-mode  values  (3-1)  through  (3-4)  in  terms 
of  the  line  voltages  and  currents  (3-16) 


vdW  =  2(A3e  y°X  +  A4eV 
o  o 

(3-17) 

-Y  X  Y  X 

vc(x)  =  Axe   'e    +A2e1e 


Recall  that  A  |  and  A2  are  the  forward  and  reverse  phasor  coefficient  for  the  even-mode 
propagation,  and  A3  and  A4  are  the  forward  and  reverse  phasor  coefficient  for  the  odd- 
mode  propagation.  If  a  short  hand  notation  is  introduced,  a  better  understanding  of  these 
definitions  can  be  had.  Let 

A3  _y  x  4  Y  x 


v?WsA,,-V  v-(x)=A2eV  i>)slVV  W.ieV 


(3-18) 


Then  (3-16)  becomes 
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Vj  =  ve(x)  +  ve(x)  +  v0(x)  +  vo{x) 
v2  =  V«M  +  veM  -  V„M  -  V„M 

»2  =  ifW-ieW-i„W  +  i„W 


and  (3-17)  becomes 


vd(*)  =  2(voW  +  voW) 

+          _           v*W  -  v~(x) 
id(x)  =  i  (x)-i  (jr)  =  = 

vcW  =  ve(x)  +  ve(x) 

+  _  v  (jc)-v  (*) 

L(x)  =  2(i+(x)-i<x))  =  2- 


(3-19) 


(3-20) 


Ze 

Note  that,  in  general,  ZQ  ?t  Ze. 

Characteristic  impedances  of  each  mode  can  be  defined  as  the  ratio  of  the  voltage 
to  current  of  the  appropriate  modes  at  any  point,  x,  along  the  line.  These  impedances  can 
be  expressed  in  terms  of  the  even  and  odd-mode  (ground  referenced)  characteristic  imped- 


v+(x)         2v+(x) 


Zc  =  -4—  = =  -4  (3-22) 

c     Mx)       (2v+(x))/Ze        2 
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These  relations  between  the  even/odd  mode  characteristic  impedances  and  the  differential/ 
common  mode  characteristic  impedances  are  consistent  with  the  matched  load  termina- 
tions discussed  in  the  literature  [9,  10]. 
3.1.1.3.  Mixed-Mode  Scattering  Parameters 

Now  that  voltages,  currents,  and  characteristic  impedances  have  been  defined  for 
both  differential  and  common  modes,  the  normalized  power  waves  can  be  developed.  By 
the  definition  for  a  generalized  power  wave  at  the  n-th  port  [23,  24] 

1 


[v    +i  Z 


"     zJkmzj  "    "  " 

] 


(3-23) 


b    = 


=[v    -/  Z 


"       2jRe(ZJ    "      "   " 

where  an  is  the  normalized  wave  propagating  in  the  forward  (positive  x)  direction;  bn  is 
the  normalized  wave  propagating  in  the  reverse  (negative  x)  direction;  and  Z„  is  the  char- 
acteristic impedance  of  the  port.  With  the  above  definitions,  the  differential  normalized 
waves  become,  at  port  one 
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adisad(*i)  = 


6dl=fcd(*l) 


2VRe<Zd> 

1 

2~7Re^ 


[vdW  +  «dwzd 

[vdW-,d(*)Zd*] 


(3-24) 


'l 


Similarly,  define  the  common-mode  normalized  waves,  at  port  one,  as 
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acl=ac(*l)   = 


■»«&(,) 


1 


2jmzj 


ve(x)  +  ic(x)Zc 
[vc(x)-ic{x)Z*\ 


(3-25) 
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Analogous  definitions  at  port  two  can  easily  be  found  by  setting*  =  x2. 

Imposing  the  condition  of  low-loss  transmission  lines  on  the  coupled-pair  of 
Figure  3-1,  the  characteristic  impedances  are  approximately  purely  real  [23],  Under  this 
restriction,  Zd  =  Re/Zd)  m  Rd  and  Zc  =  Re/ZJ  =  Rc.  With  this  assumption,  the  normalized 
wave  equations  at  port  one  can  be  simplified 
1 


2.RA 


bA,  = 


l.RA 


[vdlw  +  /dlw/edl 


[vdl(x)-idl(x)Rdl] 


(3-26) 


fc_,  = 


2K 
i 

2~W. 


[vJx)  +  Ux)Rr 


[vcM -/(*)» 


(3-27) 


With  the  normalized  power  waves  defined,  the  development  of  mixed-mode 
s-parameters  is  straight  forward.  The  definition  of  generalized  s-parameters  [24,  23]  is 

b  =  Sa  (3-28) 

where  the  bar  over  the  lower-case  letters  denote  an  ^-dimensional  column  vector  and  the 
bold  upper-case  letter  an  n-by-n  matrix.  Given  a  coupled-line  two-port  like  Figure  3- 1 ,  or 
any  arbitrary  mixed-mode  two-port,  the  generalized  mixed-mode  s-parameters  can  be 
described  by 

b. 


Jddlladl  +Jddl2ad2  +  -!dcllflcl  +  Jdcl2ac2 
fed2  =  sdd21adl+'sdd22ad2  +  idc21acl+sdc22ac2 
focl   =  scdll0dl  +  *cdl2ad2  +  *ccll0cl  +  'JCcl2flc2 

*c2  =  Jcd21adl  +  Jcd22ad2  +  Jcc21acl  +fcc22ac2 


(3-29) 
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Each  parameter  has  the  notation 


(3-30) 


r 

r         -i 

*dl 

"dl 

fed2 

= 

SddlSdc 

s  Js 

cdi    cc 

ai2 
flcl 

L*c2_ 

a<=2 

m  m  -pn .  (output-mode)(input-mode)(output-port)(input-port) 

to  indicate  the  modes  and  ports  of  the  signal  path  which  the  parameter  represents.  The  dif- 
ferential and  common-modes  are  denoted  by  a  subscript  d  and  c,  respectively,  and  the 
ports  are  denoted  by  there  port  number,  in  this  case,  one  and  two.  The  set  of  equations  in 
(3-29)  can  be  expressed  as  a  partitioned  matrix 


(3-31) 


The  following  names  are  used:  Sdd  are  the  differential  s-parameters,  Scc  the  com- 
mon-mode s-parameters,  and  Sdc  and  Scd  the  mode-conversion  or  cross-mode  s-parame- 
ters. In  particular,  Sdc  describes  the  conversion  of  common-mode  waves  into  differential- 
mode  waves,  and  Scli  describes  the  conversion  of  differential-mode  waves  into  common- 
mode  waves.  These  four  partitions  are  analogues  to  four  transfer  gains  (Acc,  Add,  Acd, 
Adc)  introduced  by  Middlebrook  [19].  These  mixed-mode  two-port  s-parameters  can  be 
shown  graphically  (see  Figure  3-3)  as  a  traditional  four-port.  It  must  be  remembered, 
however,  that  the  ports  are  conceptual  tools  only,  and  not  physically  separate  ports. 
3.1.2.  Choice  of  Reference  Impedances  for  Multiple  Modes 

If  one  is  to  make  a  general  purpose  RF  measurement  port,  the  values  of  character- 
istic port  impedances  must  be  chosen.  It  is  useful  to  require  the  even  and  odd-mode  char- 
acteristic impedances  of  the  measurement  system  to  be  equal,  thus  reducing  the  number  of 
different  valued  matched  terminations  required.    In  contrast,  it  is  difficult  to  fabricate 
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Figure  3-3.       Signal  flow  diagram  of  mixed-mode  two-port  network. 


accurate  lumped  termination  standards  for  coupled  lines  where  Ze  does  not  equal  Z0.  If 
the  characteristic  impedances  of  the  lines  are  defined  to  be  equal  (say,  50il),  then  a  further 
simplification  of  the  above  expressions  can  be  accomplished  with  the  substitution  Ze  =  Za 
=  Zq  where  in  the  low-loss  case  Z0  ~  Re{Zgl  =  R0. 

By  choosing  equal  even  and  odd-mode  characteristic  impedances,  one  is  selecting 
a  special  case  of  coupled  transmission  line  behavior,  as  described  in  (3-12).  Enforcing 
equal  even  and  odd-mode  characteristic  impedances  is  equivalent  to  the  conditions  of 
uncoupled  transmission  lines.  As  has  been  shown  in  the  literature  [9],  the  condition  Ze  = 
Z0  results  in  the  mutual  impedances  and  admittances  being  zero  (zm=0,  ym=0).  Under 
these  conditions,  the  describing  differential  equations  of  the  transmission  line  system 
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(3-12)  clearly  become  uncoupled,  resulting  in  two  independent  transmission  line  solu- 
tions. Although  very  specific,  this  is  a  valid  solution  to  (3-12),  and  all  results  up  to  this 
point  are  also  valid  under  the  special  case  of  equal  even  and  odd-mode  characteristic 
impedances.  Therefore,  we  choose  the  reference  lines  of  the  mixed-mode  s-parameters  to 
be  uncoupled  transmission  lines.  The  key  to  this  choice  is  that  these  uncoupled  reference 
lines  can  be  easily  interfaced  with  a  coupled  line  system,  as  discussed  below. 

To  interpret  the  meaning  of  uncoupled  reference  transmission  lines,  consider  a  sys- 
tem of  transmission  lines:  one  coupled  pair  and  one  uncoupled  pair  connected  in  series.  If 
even  and  odd  (or  c  and  it)  modes  are  both  propagating  (forward  and  reverse)  on  the  cou- 
pled pair,  then  it  can  be  shown  that  the  waves  propagating  on  each  of  the  uncoupled  trans- 
mission lines  are  linear  combinations  of  the  waves  propagating  on  the  coupled  system  (see 
Appendix  C).  Furthermore,  the  differential  and  common-mode  normalized  waves  of  the 
coupled  pair  system  can  be  reconstructed  from  the  normalized  waves  at  a  point  on  the 
uncoupled  line  pairs  (see  Appendix  C).  This  point  of  reconstruction  is  arbitrary,  and  one 
may  choose  the  point  to  be  the  interface  between  the  coupled  system  and  the  uncoupled 
reference  lines. 

It  it  interesting  to  note  that  an  alternative  requirement  can  be  found  through  which 
the  nodal  and  mixed-mode  waves  can  be  related.  One  could  require  the  differential-mode 
and  common-mode  characteristic  impedances  to  be  equal  (i.e.  Zd  =  Zc  =  Zg).  The  rela- 
tionship between  mixed-mode  and  standard  s-parameters  (discussed  in  the  next  section) 
will  change,  however.  This  alternate  requirement  may  have  value  in  some  cases,  but  the 
original  requirement  (Ze  =  ZB  =  Z0)  best  relates  mixed-mode  s-parameters  to  standard  s- 
parameters. 
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3,1,3,  Relationship  of  Mixed-Mode  and  Standard  S-Parameters 

The  most  straightforward  means  of  implementing  a  mixed-mode  s-parameter  mea- 
surement system  is  to  directly  apply  differential  and  common-mode  waves  while  measur- 
ing the  resulting  differential  and  common-mode  waves.  Unfortunately,  the  generation  and 
measurement  of  these  modes  of  propagation  is  not  easily  achievable  with  standard  vector 
network  analyzers  (VNA).  However,  under  certain  conditions,  one  can  relate  the  total 
nodal  waves  (each  representing  two  modes  of  propagation)  to  the  desired  differential  and 
common-mode  waves.  These  nodal  waves  are  readily  generated  and  measured  with  stan- 
dard VNAs,  and  with  consideration,  the  differential  and  common-mode  waves,  and  hence 
the  mixed-mode  s-parameters,  can  be  calculated.  Therefore,  the  relationships  between  the 
normalized  mixed-mode  waves  (adI,  bd],  acl,  bch  etc.)  and  the  nodal  waves  (ah  bx,  a2,  b2, 
etc.)  will  be  derived,  and  the  necessary  conditions  for  these  relationships  to  exist  will  be 
found. 

To  begin  the  development  of  the  relationship  between  the  nodal  and  mixed-mode 
normalized  power  waves,  the  normalized  differential-mode  incident  wave  at  mixed-mode 
port  one,  ad|,will  be  expressed  in  terms  of  the  normalized  single-ended  (nodal)  power 
waves  at  port  one,  ax,  and  at  port  two,  a2.  First,  the  normalized  nodal  waves  of  the  cou- 
pled lines  at  the  interface  are  defined,  with  Z0  ~  R0,  as 


J_ 
2X 


a'  =  7~/5=[v<  +  W 


(3-32) 


'i'ljfrW 
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where  a;  and  fc;  are  the  normalized  forward  and  reverse  propagating  nodal  waves  at  node  i, 
respectively,  and  i  e  {1,2,3,4).  Next,  the  definition  of  the  normalized  differential-mode 
incident  wave  at  mixed-mode  port  one,  ad!,  will  be  repeated 

1 


dl   =  WB=[vdlW  +  idlWSdl] 


2JR 


(3-33) 


Recalling  that  the  differential  voltage  and  current  at  port  one  are  defined  through  (3-1)  and 
(3-2)  as 


vdlW  =  v,(x)-v2W 
1. 


(3-34) 


'diW  =  gC^C*)  -  «2(*)) 

and  that  the  differential  reference  characteristic  impedance  is  defined  in  (3-21),  with  the 
substitution  Ze  =  Zo  =  Z0~  R0,  as 


*d.    =   2Ro 


then  (3-33)  can  be  re-written  as 
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[vdlW  +  /dl(x)«d|] 
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(3-36) 


-j=\  -h=[v,W  -  v2(x)  +  «0(i,W  -  i2(x))] 


j2\'Wa[v,(x)  +  Roilix)]~jk=lV2ix)  +  Roi2ix)] 


By  applying  the  definition  of  normalized  waves  at  port  one  and  two  (3-32),  then  (3-36) 
becomes  simply 
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adl   =  ^(al_fl2) 


(3-37) 


This  equation  has  a  meaningful  analogy  with  the  differential  voltage  and  current  defini- 
tions. Similarly,  the  differential  and  common-mode  waves  a  port  one  are 
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(a,  -a2) 


^-Jl 


b6\  =  J2(b\-b^ 


cl 
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Similarly,  for  port  two 


3d2  =  J2{a^a^ 


fecl  =  J2{b^b^ 


ac2  =  ^(a3  +  a4> 


b^  = 
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"d2~  J1{bs-h*) 
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(3-39) 


*c2  =  J2{b3  +  b*) 


Equations  (3-38)  and  (3-39)  represent  important  relationships  from  which  mixed- 
mode  s-parameters  can  be  determined  with  a  practical  measurement  system. 

By  using  the  definition  of  s-parameters  [23]  for  a  four  port  network  together  with 
the  relations  in  (3-38)  and  (3-39),  a  transformation  between  mixed-mode  and  standard 
s-parameters  can  be  found.  The  transformation  can  be  developed  by  considering  the  rela- 
tionships between  the  standard  and  mixed-mode  incident  waves,  a,  which  can  be  written 
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where  a"""  and  5s    are  the  mixed-mode  a-waves  vectors,  respectively,  and 


M  = 
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1 

1 

(3-42) 


Similarly,  for  the  response  waves,  b,  it  is  found 


r  mm  -  std 

b        =  Mb 


(3-43) 


Applying  the  generalized  definition  of  s-parameters  from  (3-28),  it  can  be  shown 


Smm  =  MSstdAf-'  (3-44) 

where  Smm  are  the  mixed-mode  s-parameters,  Ssld  are  the  standard  four-port  s-parameters. 

The  transformation  in  (3-44)  gives  additional  insight  into  the  nature  of  mixed- 
mode  s-parameters.  The  transformation  is  a  similarity  transformation,  which  indicates 
that  a  change  of  basis  has  occurred  between  standard  and  mixed-mode  s-parameters.  Con- 
ceptually, the  nodal  currents  and  voltages  correspond  to  the  basis  of  standard  four-port 
s-parameters,  and  the  modal  currents  and  voltages  of  (3-1)  to  (3-4)  correspond  to  the  basis 
of  mixed-mode  s-parameters.  (precisely  what  is  meant  by  a  basis  of  an  s-parameter  repre- 
sentation will  be  explored  in  Section  3.2). 

The  transformation  (3-44)  also  gives  information  into  the  nature  of  the  chosen 
mode-specific  a-  and  fc-waves.  It  is  easily  demonstrated  that  the  operator  M  has  the  prop- 
erty M  "'  =  MT  (where  the  superscript  T  indicates  the  matrix  transpose  operator).  This 
indicates  that  the  M  operator  is  a  unitary  (also  called  orthonormal)  operator  [31].  This  can 
be  easily  demonstrated  by  applying  the  definition  of  a  unitary  operator 


M(M*) 


I 


(3-45) 
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where  *  indicates  the  complex  conjugate.  A  unitary  transformation  is  one  that  transforms 
one  orthonormal  bases  to  another  orthonormal  bases.  If  it  is  accepted  (until  Section  3.2, 
where  it  can  be  established)  that  standard  four-port  s-parameters  are  operators  in  an 
orthonormal  basis,  then  it  follows  from  (3-45)  that  the  definitions  of  the  differential  and 
common-mode  normalized  power  waves  must  also  represent  an  orthonormal  basis.  This 
is  yet  another  indication  that  the  mode  currents  and  voltages  in  (3-1)  to  (3-4)  provide  a 
self-consistent  framework  for  power  calculations. 

Further,  it  indicates  clearly  that  the  two  sets  of  s-parameters  are  different  represen- 
tations of  the  same  device,  and  that,  ideally,  the  two  representations  contain  the  same 
information  about  the  device.  However,  it  will  be  shown  in  Section  5.2  that  transforma- 
tion according  to  (3-44)  of  measured  data  from  practical  measurement  systems  (with  mea- 
surement errors)  can  lead  to  significant  errors  in  the  transformed  data. 
3. 1 .4.  Interpretations  of  Multi-Mode  Scattering  Parameters 

Equations  (3-26)  and  (3-27)  form  the  basis  of  an  ideal  mixed-mode  s-parameter 
measurement  system.  These  equations  can  be  implemented  into  a  microwave  simulator, 
and  can  provide  a  quick  and  simple  method  of  illustrating  the  usefulness  of  mixed-mode  s- 
parameters. 

The  circuit  in  Figure  3-4  was  implemented  into  Hewlett-Packard's  Microwave 
Design  System  (MDS)  [32].  The  phase  difference,  0,  between  the  two  sources  was  set  to 
0°  for  the  common-mode  and  common-to-differential-mode  forward  s-parameters.  For 
the  forward  differential-mode  and  differential-to-common-mode  s-parameters,  the  phase 
difference  was  set  to  180°.  In  each  case,  the  nodal  waves  were  calculated  from  (3-26)  and 
(3-27),  and  the  s-parameters  were  calculated  with  the  appropriate  ratios.    The  reverse  s- 
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Figure  3-4.       Schematic  of  mixed-mode  simulation  of  symmetric  coupled-pair  line. 

parameters  were  calculated  by  driving  mixed-mode  port  two  of  the  DUT,  with  50£2  loads 
at  port  one. 

The  first  example  of  mixed-mode  s-parameters  uses  a  DUT  of  a  pair  of  coupled 
microstrip  transmission  lines,  with  symmetric  (i.e.  equal  width)  top  conductors.  This 
symmetric  coupled-pair,  and  the  accompanying  circuitry,  is  shown  in  Figure  3-4.  Each 
runner  width  is  100|im  with  an  edge-to-edge  spacing  of  100|lm.  The  substrate  is  25  mil 
thick  alumina  with  a  relative  permittivity  of  9.6  with  a  loss  tangent  of  0.00 1 ,  and  the  metal 
conductivity  is  that  of  copper,  ~5.8xl07  S/m.  A  one-inch  section  of  this  line  was  simu- 
lated in  MDS  as  described  above,  and  the  mixed-mode  s-parameters  at  5  GHz  are 
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As  expected,  each  partitioned  sub-matrix  demonstrates  the  properties  of  a  reciprocal,  pas- 
sive and  (port)  symmetric  DUT.  The  differential  s-parameters,  Sdd,  show  the  coupled 
pair  possesses  an  odd-mode  characteristic  impedance  of  50Q  (100Q  differential  imped- 
ance), and  has  low-loss  propagation  in  the  differential  mode.  The  common-mode 
s-parameters,  Scc,  show  the  coupled  pair  possesses  an  even-mode  characteristic  imped- 
ance other  than  50£i  Actually,  the  even-mode  impedance  of  the  pair  is  140Q  (70Q  com- 
mon-mode impedance).  Note  the  cross-mode  s-parameters  are  zero  for  the  symmetric 
coupled  pair  indicating  no  conversion  between  propagation  modes. 

The  second  example  is  similar  to  the  first,  except  the  coupled  microstrip  transmis- 
sion lines  are  asymmetric  (i.e.  unequal  widths).  This  asymmetric  coupled-pair,  and  the 
accompanying  circuitry,  is  shown  in  Figure  3-5.  One  top  conductor  width  is  100p.m,  and 
the  second  is  170|im,  with  an  edge-to-edge  spacing  of  65u.m.  Again,  the  substrate  is  25 
mil  thick  alumina  with  a  relative  permittivity  of  9.6  with  a  loss  tangent  of  0.00 1 ,  and  the 
metal  conductivity  is  that  of  copper.  A  one-inch  section  of  this  line  was  simulated  in 
MDS  at  5  GHz,  and  the  mixed-mode  s-parameters  are 
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Figure  3-5.       Schematic  of  mixed-mode  simulation  of  asymmetric  coupled-pair  line. 
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(3-47) 


As  in  the  first  example,  each  partitioned  sub-matrix  demonstrates  the  properties  of 
a  reciprocal,  passive  and  (port)  symmetric  DUT.  Also  like  the  first  example,  the  differen- 
tial s-parameters  show  the  coupled  pair  possesses  an  odd-mode  characteristic  impedance 
of  nearly  50£2  (actually  49£2),  and  has  low-loss  propagation  in  the  differential  mode.  The 
common-mode  s-parameters  show  the  coupled  pair  has  a  greater  degree  of  mismatch  than 
the  first  example  (the  even-mode  impedance  is  152£2  in  this  case). 

The  most  important  difference  between  the  two  examples  is  seen  in  the  cross- 
mode  s-parameters.  The  data  in  (3-47)  shows  significant  conversion  between  propagation 
modes,  particularly  in  transmission  parameters  Sdc2i  and  5cd2i.  Note  these  two  sub-matri- 
ces are  equal  indicating  equal  conversion  from  differential  to  common-mode  and  from 
common  to  differential-mode.  These  non-zero  s-parameters  can  be  interpreted  conceptu- 
ally in  the  following  way.  In  the  case  of  Sci2\ ,  a  pure  differential  mode  wave  is  impinging 
on  port  1  of  the  DUT.  However,  at  port  2,  both  differential  and  common-mode  waves 
exist.  Some  of  the  energy  of  the  differential  wave  is  converted  to  a  common-mode  propa- 
gation, and  the  total  energy  is  preserved  (except  for  losses  in  the  metal  and  dielectric). 
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Figure  3-6.       Simulated  magnitude  in  dB  of  S^2\  and  ^cc2l  versus  frequency  for  asym- 
metric coupled-pair  transmission  line 
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Figure  3-7.       Simulated  magnitude  in  dB  of  Sddj  i  and  Sccl  j  versus  frequency  for  asym- 
metric coupled-pair  line. 
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Figure  3-8.       Simulated  magnitude  in  dB  of  Scd21  versus  frequency  for  asymmetric  cou- 
pled-pair line. 
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Figure  3-9.       Simulated  magnitude  in  dB  of  Scd, ,  versus  frequency  for  asymmetric  cou- 
pled-pair line. 
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This  example  circuit  was  simulated  across  frequency,  and  the  magnitudes  of 
selected  mixed-mode  s-parameters  are  plotted  in  Figures  3-6,  3-7,  3-8  and  3-9.  Figure  3-6 
shows  both  Sdd2i  and  Scc2i  in  dB  from  1  GHz  to  21  GHz.  The  ripple  pattern  across  fre- 
quency in  the  common-mode  transmission  (Scc2i)  indicates  an  impedance  mismatch  at  the 
ports  for  common-mode  propagation.  At  the  higher  frequencies  of  the  plot,  the  finite  con- 
ductivity of  the  conductors  is  evident  as  average  loss  increases.  The  differential-mode 
transmission  (Sdd2j)  shows  smaller  ripples  (0.2  dB  maximum),  indicating  smaller  mis- 
match, and  also  shows  lower  average  loss.  However,  the  losses  due  to  the  reflections  at 
the  ports  do  not  account  for  all  of  the  ripple  in  the  differential  transmission.  As  can  be 
seen  in  Figure  3-7,  the  return  loss  for  the  differential  mode  is  greater  than  20  dB,  which 
can  account  for  approximately  0.04  dB  of  worst  case  loss  (over  ohmic  losses).  Mode  con- 
version accounts  for  the  remaining  reduction  in  the  differential-mode,  and  hence  Sdd2|  >s 
reduced.  Here,  differential  energy  is  converted  to  both  common-mode  transmission  Scd2| 
and  common-mode  reflection  Sclili.  Figure  3-8  shows  the  cross-mode  transmission  Scd2, 
in  dB,  and  Figure  3-9  shows  the  cross-mode  reflection  Scd|  |  in  dB.  The  minima  in  the  dif- 
ferential-mode transmission  Sdd2j  correspond  to  a  worst  case  point  in  the  relative  phases 
°f  \id2i'  ^cd2i-  alK*  Scdn-  In  a  low  loss  transmission  line  case,  the  insertion  loss  due  to 
mode  conversion  and  miss-match  can  be  shown  to  be  approximately 


I  »-101og[l-(|Sddll|2  +  |Scd2i|2+|Scdll|2)] 


Loss(dB)  — lOlog  [1  -  (|Sdd|  ,|2  +  |Scd2,|2  +  |Scdu|2)j  (3-48) 

This  is  consistent  with  the  increasing  ripple  in  Sdd2|  with  increasing  frequency  since  the 
mode  conversion  (Scd21  and  Scdn)  increases  with  frequency. 

The  use  of  mixed-mode  s-parameters  can  be  further  illustrated  with  an  example  of 
a  differential  amplifier.  Such  an  example  is  found  in  Appendix  D. 
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3.2.  Generalizations  of  Mode  Specific  Scattering  Parameters 

3.2.1.  Other  modes 

The  voltages  and  currents  of  (3- 1 )  to  (3-4)  represent  only  one  possible  definition  of 
modes.  There  are  infinitely  many  such  definitions  with  a  four-port  network,  although  the 
chosen  set  has  important  practical  value.  Furthermore,  a  network  with  more  ports  can 
support  more  modes  of  propagation.  It  is  useful  to  generalize  the  proceeding  work  to 
include  all  possible  mode  definitions  as  it  leads  to  insight  into  the  nature  of  the  mixed- 
mode  definitions  presented. 

To  begin  the  generalization,  it  is  helpful  to  establish  the  concept  of  an  s-parameter 
matrix  as  a  linear  operator.  Traditionally,  an  s-parameter  matrix  is  interpreted  from  a 
physical  view,  where  the  elements  of  the  matrix  represent  the  gain  coefficients  of  a  certain 
input-to-output  path.  The  operator  interpretation  views  the  s-parameter  matrix  as  an  oper- 
ator that  maps  one  n-dimensional  vector  space  into  an  m-dimensional  space  [3 1  ]  (with  typ- 
ical devices,  m  and  n  are  equal).  With  such  an  interpretation,  it  will  be  shown  that  the 
transformation  to  another  mode  definition  can  be  regarded  simply  as  a  transformation  of 
coordinates. 
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Figure  3-10.     Two  views  of  a  four-port  s-parameter  matrix. 

a)  The  physical  view,  b)  The  linear  operator  view. 
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To  illustrate  the  operator  view  of  s-parameters,  consider  the  four-port  example  in 
Figure  3-10.  Define  basis  vectors  corresponding  to  each  physical  port 


1 


(3-49) 


One  can  clearly  see  that  these  vectors  are  linearly  independent,  that  is 
clPl  +c2£2  +  c3#3  +  c4P4*0 


(3-50) 


for  all  possible  complex  scalars  {c,,  c2,  c3,  c4}  aC,  where  C  is  the  set  of  all  complex 
numbers.  Furthermore,  this  set  of  basis  vectors  {p  ,p    p    p  }  have  a  zero  scalar  prod- 


uct, that  is 


P-  •  P  ■  =  , 
•     J         1 


i  =  j 


(3-51) 


This  means  that  the  system  of  basis  vectors  is  orthonormal.  Continuing,  an  arbitrary  set  of 
input  signals  becomes 


a  =  a[Pi+a2p2  +  a3p3  +  a4p4 


(3-52) 


and  the  output  signals  are 


b  =  b  xp  f  +  b2p2  +  b3p3  +  b4p4  (3-53) 

With  the  basis  definitions  of  (3-49),  the  coordinates  of  the  input  and  output  signals  are 


b  = 


(3-54) 
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The  traditional  s-parameter  matrix  equation,  b  =  Sa,  can  now  be  said  to  express  a  linear 
operator,  S,  mapping  an  input  space  to  an  output  space.  It  is  important  to  note  that  both 
the  input  and  output  spaces  have  the  same  basis  vectors. 

Now,  considering  the  same  example,  define  a  new  set  of  basis  vectors, 
{/>,'  P-)'  P-i'  Pi  }  ■  These  new  basis  vectors  can  describe  any  arbitrary  mode  definitions. 
In  the  case  of  the  differential/common-mode  definitions  of  (3-1)  to  (3-4)  they  are 

h'  =  pn     K  =  Kx     h  =  hi     h  =  hi  (3-55) 

where  the  new  subscripts  are  used  to  clearly  indicate  that  the  new  basis  does  not  corre- 
spond to  physical  network  ports.  Assuming  linear  relationships  between  the  old  and  new 
bases,  they  can  be  generally  related 


P2  =  xl\Pi'+xllP2+x13p3+x14Pi 
P3  =  x]lPl'+xllp2+Xllp3+X34P4 
P4  =  X4\P{+X41P2+X41P3+X44PA 

An  input  signal  vector  in  the  new  basis 
has  the  coordinates  in  the  new  basis 


(3-56) 


(3-57) 


(3-58) 
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By  expressing  the  input  vector  in  the  original  basis  (3-52)  in  terms  of  the  new  basis  vectors 
via  (3-56),  and  then  by  equating  the  coefficients  of  the  basis  vectors,  it  can  be  shown  that 


xll  XU  x\3  X\A 


x2l  x22  x23  x24 


%A  1     %A")    %A1    %A 


(3-59) 


JM1  A42  A43  A44 
which  can  be  simply  expressed  as 

a'  =  Xa  (3-60) 

where  A"  is  a  transformation  of  coordinates  matrix.  Therefore,  the  translation  between  dif- 
ferent mode  definitions  is  simply  a  transformation  of  coordinates.  In  the  case  of  the  differ- 
ential/common-mode definitions,  it  can  be  shown  that  (3-60)  becomes 

-  mm  -  std 

a        =  Ma  (3-61) 

As  illustrated  in  (3-53),  the  input  and  output  vector  spaces  share  the  same  basis  vectors,  so 

the  output  in  the  new  basis  becomes 

V  =  Xb  (3-62) 

or,  for  differential/common-modes 

r  mm      .   -  std 

b       =  Mb  (3-63) 

The  linear  operator  representing  the  DUT  can  be  translated  between  bases  by 

S'  =  XSX ■"'  (3-64) 

In  general,  if  both  sets  of  bases  are  orthonormal,  as  defined  in  (3-51),  then  the 

T 
transformation  matrix,  X,  will  always  be  unitary,  that  is  X(X*)     =  I .  Conversely,  if  a 

defined  transformation  matrix  is  unitary,  then  both  systems  of  basis  vectors  are  orthonor- 
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mal  [31].  With  the  concept  of  s-parameters  as  linear  operators,  one  can  define  any  number 
of  new  and  potentially  useful  modes  of  propagation. 
3.2.2.  Eigen  modes 

One  particularly  interesting  new  mode  definition  arising  from  the  operator  view  of 
networks  is  the  concept  of  eigen-modes.  Eigen-values  arise  from  the  diagonalization  of  a 
matrix,  and  the  matrix  of  eigen-vectors  become  the  transformation  matrix.  Symbolically, 

A  =  T~]ST  (3-65) 

where 

A  =  diagfXj,  ...,Xn)  (3-66) 

where  X,  are  the  eigen-values  of  S,  and  T  is  a  matrix  whose  columns  are  composed  of  the 
eigen-vectors  of  S  [33]. 

In  linear  system  analysis,  eigen-values  represent  the  natural  frequencies  of  a  sys- 
tem. When  described  in  state  space  notation,  the  state-feedback  matrix,  A,  determines 
these  natural  frequencies.  The  natural  frequencies,  or  eigen-values,  are  the  solutions  to 

\XI-A\  =  0  (3-67) 

Corresponding  to  each  eigen-value,  Xh  there  is  a  eigen-vector,  <T. ,  such  that 

(XJ-A)ei  =  6  (3_68) 

Physically,  the  eigen-values  are  the  complex  frequencies  at  which  the  system  will  have 
(unforced)  oscillations,  and  the  eigen-vectors  are  the  amplitude  coefficients  of  each  of  the 
state  variables  under  the  conditions  of  oscillation. 

In  contrast,  the  eigen-values  and  vectors  of  an  s-parameter  matrix  do  not  represent 
system  oscillations.  For  an  s-parameter  operator,  the  eigen-vectors  represent  the  coeffi- 
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cients  of  a  transformation  to  a  new  basis.  The  new  basis  further  represents  new  modes  of 
propagation.  This  new  basis  is  special,  in  that  it  transforms  the  operator,  S,  into  a  diagonal 
matrix.  For  this  reason,  the  modes  corresponding  to  the  eigen-vectors  of  a  operator,  S, 
will  be  called  canonical  modes.  The  eigen-values  represent  the  DUT  response  in  terms  of 
the  canonical  modes. 

In  general,  an  n-port  device  will  have  n  canonical  modes.  When  stimulated  by  one 
of  the  canonical  modes,  the  device  will  generate  a  response  proportional  to  only  the  mode 
by  which  it  was  stimulated.  There  is  only  one  port  definition  possible  for  canonical 
modes.  Each  canonical  mode  is  formed  from  a  linear  combination  of  signals  at  all  of  the 
physical  ports.  There  are  n  possible  canonical  modes  of  propagation  supported  by  a 
device  with  n  physical  ports.  This  removes  any  ambiguity  that  exists  in  the  port  number- 
ing convention  . 

The  canonical  representation  of  a  device  allows  for  very  simple  calculations  of 
responses.  Since  the  canonical  form  of  a  device  is  a  one-port  (multi-mode)  network,  the 
response  of  the  device  to  a  canonical  mode  input  is  simply  a  reflection  of  the  same  canon- 
ical mode.  The  canonical  mode  reflection  has  a  scaling,  or  gain,  factor  that  is  conceptually 
equivalent  to  the  traditional  definition  of  reflection  coefficients.  The  eigen-values  of  a 
s-parameter  matrix  are  the  canonical  reflection  coefficients.  Furthermore,  a  given  device 
generates  no  conversion  between  its  canonical  modes.  As  a  result,  the  canonical  represen- 
tation can  be  interpreted  as  the  natural  modes  of  a  device. 

It  is  interesting  to  note  that  eigen-values  of  a  matrix,  S,  remain  unchanged  by  a 
change  of  basis  (i.  e.  a  similarity  transformation  as  in  (3-65)).  The  eigen-values,  therefore, 

1.  The  definitions  of  mixed-mode  s-parameters  presented  in  Section  3.1.1  define 
(nodal)  ports  one  and  two  as  mixed-mode  port  one,  and  so  on.  However,  any  other 
combination  of  two  ports  could  have  also  been  chosen  as  a  mixed-mode  port. 
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are  immutable  properties  of  an  s-parameter  matrix,  and  the  canonical  modes  of  a  device 
are  properties  of  the  device.  Eigen-vectors  are  not  unique,  since  they  need  only  to  be  inde- 
pendent. As  stated  earlier,  infinitely  many  modes  (not  independent)  can  be  defined  for  a 
given  network.  However,  the  consistency  of  the  eigen-values  across  all  such  bases  indi- 
cates the  all  representations  of  a  device  are  leaving  the  essence  of  the  device  unchanged. 
Mixed-mode  s-parameters  are  indeed  an  equivalent  representation  of  a  standard  four-port 
s-parameter  matrix. 

Not  every  device  has  a  canonical  representation.  A  matrix,  S,  is  diagonalizable  if 
and  only  if  S  has  n  linearly  independent  eigen-vectors.  It  can  be  shown  [33]  that  S  has  n 
linearly  independent  eigen-vectors  if  5  has  n  distinct  eigen-values  (the  converse  is  not  true, 
however).  Therefore,  if  all  eigen-values  are  different,  then  one  can  be  assured  the  device 
has  a  canonical  representation.  If  some  values  are  repeated,  then  the  existence  of  a  canon- 
ical representation  depends  on  S. 

If  an  s-parameter  matrix  does  not  have  n  linearly  independent  eigen-vectors,  then  it 
is  possible  to  find  n  independent  generalized  eigen-vectors.  Under  these  conditions,  the 
new  operator  matrix  is  not  diagonalizable,  but  generally  in  Jordan  form.  A  Jordan  form 
matrix  has  some  non-zero  off-diagonal  elements.  Such  a  device  requiring  a  Jordan  form 
representation  will  exhibit  mode-conversion  between  some  of  its  canonical  modes. 
Despite  this  limitation,  the  Jordan  form  representation  of  an  s-parameter  operator  can  have 
some  utility  in  calculations. 

Not  every  non-diagonalizable  matrix  has  a  Jordan  form  representation.  In  such 
cases,  other  decomposition  methods  are  available,  such  as  LDU-factorization  [33].  These 
decompositions  cause  representations  that  are  as  close  as  possible  to  a  diagonal  form. 
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This  work  can  be  extended  to  include  these  other  representations  of  an  s-parameter  opera- 
tor. 

With  the  fundamental  theory  of  mixed-mode  s-parameters  developed,  the  applica- 
tion of  these  concepts  to  practical  circuits  can  begin.  The  first  step  in  this  progression  is  to 
measure  the  mixed-mode  s-parameters  of  an  RF  differential  circuit.  These  new  s-parame- 
ters require  the  design  and  construction  of  a  specialized  measurement  system.  The  devel- 
opment of  this  new  system  is  the  subject  of  the  next  chapter. 


CHAPTER  4 
CONSTRUCTION  OF  THE  PURE-MODE  VECTOR  NETWORK  ANALYZER 

As  a  result  of  the  limitations  of  measuring  RF  differential  circuits  and  devices  with 
a  single-mode  system,  as  discussed  in  Chapter  2,  a  custom  vector  network  analyzer  (VNA) 
has  been  designed  to  measure  mixed-mode  s-parameters  in  the  most  direct  and  accurate 
fashion.  The  existence  of  a  transformation  between  standard  and  mixed-mode  s-parame- 
ters, discussed  in  Section  3.1.3,  suggests  two  possible  approaches  to  the  measurement  of 
differential  circuits.  One  approach  is  the  use  of  a  traditional  four-port  VNA.  A  traditional 
VNA  would  measure  standard  s-parameters  by  stimulating  each  terminal  of  the  differen- 
tial circuit  individually,  and  these  s-parameters  would  then  be  transformed  to  mixed-mode 
s-parameters  for  analysis.  Alternatively,  the  mixed-mode  s-parameters  of  the  differential 
circuit  can  be  measured  directly  by  stimulating  each  mode  individually.  A  pure  differen- 
tial-mode stimulus  could  be  produced,  and  the  differential-  and  common-mode  responses 
of  the  DUT  could  be  measured,  thus  providing  a  direct  measurement  of  mixed-mode 
s-parameters.  A  network  analyzer  that  directly  measures  mixed-mode  s-parameters  will 
be  referred  to  as  a  pure-mode  vector  network  analyzer  (PMVNA)  due  to  its  generation  and 
measurement  of  pure  single  mode  signals. 

The  two  approaches  do  not  yield  equally  accurate  mixed-mode  s-parameters  of 
differential  devices,  however.  It  is  shown  in  Chapter  5  that  the  PMVNA  has  an  accuracy 
advantage  over  a  traditional  four-port  VNA  while  measuring  a  differential  circuit.  Mixed- 
mode  s-parameters  generated  by  transforming  standard  s-parameters  measured  by  a  tradi- 
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tional  four-port  VNA  exhibit  higher  levels  of  uncertainty  in  a  differential  device  measure- 
ment than  those  measured  by  a  PMVNA.  This  accuracy  advantage  of  a  pure-mode 
measurement  system  provides  motivation  for  the  development  of  a  specialized  measure- 
ment system  for  differential  circuits.  Portions  of  this  chapter  have  been  published  in  sum- 
mary form  [34]. 

4. 1 .  Basic  Operation  of  the  PMVNA 

4.1.1.  Fundamental  Concepts 

As  discussed  above,  the  most  straightforward  means  of  implementing  a  mixed- 
mode  s-parameter  measurement  system  is  to  directly  apply  differential  and  common-mode 
waves  while  measuring  the  resulting  differential  and  common-mode  waves.  Unfortu- 
nately, the  generation  and  measurement  of  these  modes  of  propagation  is  not  easily 
achievable  with  standard  vector  network  analyzers  (VNA).  However,  as  shown  in  (3-38) 
and  (3-39),  one  can  relate  the  total  nodal  waves  to  the  desired  differential  and  common- 
mode  waves.  These  nodal  waves  are  readily  generated  and  measured  with  standard 
VNAs,  and  with  consideration,  the  differential  and  common-mode  waves,  and  hence  the 
mixed-mode  s-parameters,  can  be  calculated. 

Equations  (3-38)  and  (3-39)  represent  important  relationships  from  which  a 
PMVNA  can  be  constructed  with  components  of  standard  single-ended  VNAs.  To  under- 
stand the  utility  of  the  above  relationships,  consider  Figure  4- 1 ,  which  is  a  conceptual 
model  for  a  PMVNA  system.  By  adjusting  the  phase  difference,  0,  between  the  two 
sources  to  0°  or  180°  one  can  determine  the  common-mode  or  differential-mode  forward 
s-parameters,  respectively.  Conceptually,  the  measured  quantities  are  the  voltages  and 
currents.  These  values  can  be  related  to  the  normalized  nodal  waves,  a\,  b\,  a2,  b2,  etc., 
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Figure  4-1 .       Conceptual  diagram  of  pure-mode  measurement  system. 


through  the  generalized  definitions  given  in  (3-32).  From  these  nodal  waves,  the  differen- 
tial and  common-mode  normalized  waves,  and,  hence,  the  mixed-mode  s-parameters,  can 
be  calculated.  Physically,  the  various  ratios  of  nodal  waves,  aj,  b\,  a2,  b2,  etc.,  are  mea- 
sured, and  from  theses  ratios  the  mixed-mode  s-parameters  are  found. 
4. 1 .2.  General  PMVNA  Test-Set  Architecture 

The  physical  implementation  of  a  mixed-mode  s-parameter  measurement  system 
can  be  achieved  with  extensions  of  standard  VNA  techniques.  The  differential  stimulus  of 
a  coupled  two-port  requires  the  input  waves  at  the  reference  plane  to  be  180°  apart.  One 
possible  way  this  can  be  achieved  through  a  single  signal  source  is  with  the  use  of  a  180° 
3dB  hybrid  splitter/combiner.  The  construction  of  the  differential  reflected  and  transmit- 
ted waves,  via  (3-38)  and  (3-39),  can  be  also  completed  through  a  180°  splitter/combiner. 
The  common-mode  stimulus  of  a  coupled  two-port  requires  the  input  waves  at  the  refer- 
ence plane  to  be  0°  apart.  This  can  also  be  achieved  through  a  single  signal  source  with 
the  use  of  a  0°  3dB  hybrid  splitter/combiner,  with  the  construction  of  the  common-mode 
reflected  and  transmitted  waves  also  completed  through  a  0°  splitter/combiner. 
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A  VNA  test-set  is  the  portion  of  the  test  system  that  generates  the  normalized 
power  waves,  a  and  b.  A  typical  test-set  uses  directional  couplers  to  separate  the  forward 
and  reverse  waves.  A  test-set  also  samples  the  stimulus  signal,  either  with  a  directional 
coupler  or  a  power  splitter.  The  test-set  generally  down-mixes  all  signal  to  an  intermedi- 
ate frequency  (IF),  so  that  all  RF  functions  of  the  VNA  (other  than  the  RF  signal  source) 
are  contained  within  the  test-set.  A  test-set  also  provides  RF  switches  to  allow  automated 
measurement  of  all  s-parameters  of  the  DUT  with  a  single  connection. 

A  basic  pure-mode  test-set  is  shown  in  part  in  Figure  4-2.  The  figure  includes 
mechanisms  by  which  all  of  the  mixed-mode  wave  components  are  generated.  Not  shown 
are  the  down  mixers  and  the  rest  of  the  VNA  system,  which  are  discussed  in  Section  4.2. 1 
and  Appendix  E.  When  switch  one  (denoted  as  SW1)  is  in  position  one,  the  3dB  hybrid 
coupler,  HI,  splits  the  RF  signal  into  two  signals  with  nominally  equal  amplitudes  and 
180°  phase  difference,  thus  generating  the  differential-mode  RF  stimulus  signal.  Note 
that  all  switches  have  their  unused  ports  terminated  in  50D.  loads  in  all  cases.  By  placing 
SW1  in  position  two,  the  coupler,  HI,  again  splits  the  RF  signal  into  two  signals,  in  this 
case  with  nominally  equal  amplitudes  and  0°  phase  difference,  thus  generating  the  com- 
mon-mode RF  stimulus  signal.  Switches  SW2  and  SW3,  which  operate  in  concert,  pro- 
vide the  means  to  stimulate  either  mixed-mode  port  one  or  two.  Directional  couplers  Dl , 
D2,  D3,  and  D4  separate  all  forward  and  reverse  signals  at  each  single-ended  port  (i.e. 
nodal  waves).  These  nodal  waves  are  combined,  in  accordance  to  (3-38)  and  (3-39),  in 
3dB  hybrid  couplers  H2,  H3,  H4,  H5,  each  providing  a  (nominal)  sum  and  difference 
between  the  corresponding  nodal  waves.  The  output  of  these  couplers  are  proportional  to 
the  differential  and  common-mode  normalized  power  waves  (adl,  acl,  fedl,  bcX,  etc.). 
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Figure  4-2.       RF  Section  of  basic  test-set  of  PMVNA. 

From  the  appropriate  ratios  of  these  power  waves,  the  mixed-mode  s-parameters  can  be 
calculated. 

4.2.   Implementation  of  a  Practical  PMVNA 


Rather  than  build  an  entire  PMVNA  from  elementary  components  (such  as  direc- 
tional couplers  and  mixers),  a  more  practical  approach  has  been  followed  by  modifying  a 
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standard  VNA.  As  will  be  discussed  below,  a  PMVNA  can  be  constructed  in  a  straight- 
forward manner  by  adapting  a  modular  Hewlett-Packard  8510  VNA  system.  First,  a  sys- 
tem-level description  of  the  PMVNA,  as  implemented  for  this  work,  will  be  given.  Fol- 
lowing this,  a  detailed  description  of  the  PMVNA  test-set  will  be  given.  Next,  the 
operation  of  the  PMVNA  will  be  detailed,  and  the  control  software  will  then  be  described. 
4,2. 1 .  System  Level  Description 

The  construction  of  the  PMVNA  is  based  the  Hewlett-Packard  85  IOC  VNA  sys- 
tem. The  complete  block  diagram  of  the  implemented  system  is  shown  in  Figure  4-3.  The 
basic  idea  behind  the  implemented  PMVNA  is  to  use  the  sub-systems  of  a  standard  8510 
(each  contained  as  a  single  piece  of  test  equipment)  in  a  non-standard  configuration  with 
little  or  no  modification  to  the  individual  sub-systems.  The  sub-systems  (85101,  85102, 
8517,  85651,  etc.)  are  shown  in  Figure  4-3.  For  a  description  of  these  sub-systems  and  the 
standard  85 10  configuration,  see  Appendix  E. 

Basically,  the  PMVNA  is  an  8510  VNA  with  two  test-sets,  where  both  test-sets  are 
used  simultaneously.  The  implementation  of  a  PMVNA  with  an  HP85 10  VNA  requires 
the  addition  of  a  second  85 17  test-set  to  supply  all  required  RF  hardware.  Some  additional 
control  hardware,  and  some  minor  modifications  to  the  85 1 7  test  sets  are  also  needed,  as 
will  be  described  below. 

The  flexibility  of  the  8510  VNA  system  greatly  facilitates  the  implementation  of  a 
PMVNA.  One  important  feature  of  the  85 10  is  exploited  in  order  to  reduce  the  complex- 
ity of  the  control  software  and  hardware  in  the  adaptation  to  the  PMVNA.  The  feature, 
known  as  Option  001,  allows  selection  between  multiple  test-sets.  The  option  is  actually 
an  additional  circuit  board  for  switching  IF  signals  which  is  installed  in  one  of  the  two 
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test-sets.  The  board  works  in  coordination  with  features  of  the  8510  operating  system 
(standard  firmware  of  the  85 1 0).  The  operating  system  of  the  standard  85 1 0  allows  the 
selection  of  a  test-set  to  be  accomplished  simply  by  changing  the  address  of  the  active 
test-set  (contained  in  a  register  in  the  85101)  to  the  address  of  the  desired  test-set.  The 
address  of  the  active  test-set  can  be  set  through  standard  general  purpose  interface  bus 
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Figure  4-3.       PMVNA  system  block  diagram. 
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(GPIB)  commands.  The  availability  of  the  test-set  selection  function  to  GPIB  commands 
enables  high-level  control  of  the  sub-systems  in  the  PMVNA. 

The  PMVNA  system  also  requires  some  minor  modifications  to  the  control  hard- 
ware of  the  test-sets.  As  developed  by  HP,  Option  001  allows  the  selection  of  one  active 
test-set,  and  the  deactivation  of  all  other  test-sets.  This  deactivation  includes  the  moving 
of  the  RF  port  selection  switch  (internal  to  the  test-set)  to  a  terminated  position,  so  that  no 
RF  signal  is  present  at  the  ports  of  the  deselected  test-sets.  Also  upon  deactivation,  the 
variable  attenuators  in  a  test-set  (used  to  control  the  incident  power  on  a  DUT)  are  re-set 
to  0  dB.  The  suppressing  of  the  RF  signal  from  the  inactive  test-sets  and  the  change  of 
attenuation  setting  are  unwanted  side  effects.  The  modification  to  both  test-sets  is  needed 
to  allow  RF  to  continue  at  the  ports  of  inactive  test-sets  and  to  keep  the  attenuator  settings 
unchanged.  The  modification  requires  a  minor  change  to  the  test-set  digital  control  hard- 
ware to  allow  the  masking  of  commands  to  change  the  position  of  the  RF  port  selector 
switch  or  attenuators.  The  masking  of  system  commands  is  achieved  through  a  single  dig- 
ital control  signal  for  each  test-set.  When  the  signal,  called  test-set  enable,  is  asserted,  the 
test  set  can  receive  system  commands  effecting  RF  switch  and  attenuators;  otherwise, 
these  system  commands  are  blocked  (other  system  commands  are  unaffected  by  the  modi- 
fication). With  these  changes,  the  option  001  can  now  be  used  to  multiplex  the  two  test- 
sets  while  maintaining  an  uninterrupted  RF  signal  at  the  ports.  For  complete  details  of  the 
test-set  modifications,  see  Appendix  F. 

These  hardware  changes  are  implemented  to  block  unwanted  system  commands 
from  the  85 10  operating  system  as  the  active  test-set  is  changed.  An  alternative  to  these 
hardware  modifications  is  to  change  the  operating  system.  Such  a  change,  to  allow 
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switching  between  test-sets  without  changing  the  RF  switch  position  or  attenuator  set- 
tings, is  certainly  possible,  and  quite  attractive  since  it  would  eliminate  the  need  for  any 
modification  of  the  test  equipment  of  the  8510  system.  The  option  of  modifying  the  8510 
operation  system  is  unavailable,  however,  as  it  is  proprietary  property  of  Hewlett-Packard. 
Due  to  the  unavailability  of  the  operating  system  software,  the  hardware  modifications 
have  been  performed. 

A  single  3dB  hybrid  180°/0°  splitter/combiner  is  added  to  the  standard  85 10  con- 
figuration. This  splitter  generates  the  two  RF  signals  needed  to  operate  both  test-sets 
simultaneously.  The  use  of  a  1 80°/0°  splitter  allows  for  the  generation  of  both  differential 
and  common-mode  stimuli.  An  RF  switch  is  required  to  select  between  the  two  modes, 
and  a  driver  for  the  switch  is  required  to  allow  automatic  control.  The  switch  driver  and 
test-set  enable  control  lines  are  interfaced  to  a  GPIB  controllable  digital  switches  (3488A 
with  option  014).  With  this  switch  controller,  the  PMVNA  can  be  completely  automated. 
4.2.2.  Test-Set  Construction 

One  of  the  most  useful  aspects  of  a  PMVNA  implemented  as  shown  in  Figure  4-3 
is  the  straight-forward  manner  by  which  the  differential  and  common-mode  normalized 
power  waves  can  be  derived  from  the  nodal  power  waves.  Referring  first  to  the  basic 
PMVNA  test-set  of  Figure  4-2,  one  can  see  that  the  calculation  of  the  modal  normalized 
waves  is  accomplished  through  four  180°/0°  splitter/combiners.  The  calculation  is  done 
at  RF  with  real  (non-ideal)  components,  and  so  is  subject  to  errors  (see  Chapter  8).  A 
more  practical  and  accurate  method  of  constructing  the  differential  and  common-mode 
responses  is  through  digital  calculation  of  (3-38)  and  (3-39).  This  technique  exploits  the 
architecture  of  the  standard  8510,  which  down-mixes  and  digitizes  the  normalized  power 
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waves.  Once  the  nodal  waves  are  digitized,  the  differential  and  common-mode  normal- 
ized power  waves  can  be  simply  calculated  in  the  control  software. 

In  the  PMVNA  implemented  for  this  work,  the  calculations  of  the  normalized 
power  waves  are  accomplished  by  using  two  standard  two-port  test-sets.  The  connection 
of  this  simplified  PMVNA  test-set  is  shown  in  Figure  4-4,  which  includes  two  standard 
(single-ended)  85 17A  s-parameter  test-sets.  These  test-sets  have  all  required  RF  circuitry 
to  separate  the  different  waves,  and  all  of  the  down  converter  circuitry.  No  modifications 
to  the  RF  portions  of  these  test-sets  are  needed. 


To  IF  Detectors 
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Figure  4-4.       RF  section  of  simplified  PMVNA  test-set. 
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A  significant  advantage  of  this  test-set  configuration  is  its  symmetry.  If  the  two 
test-sets  are  the  same  model  (as  they  are  for  this  work)  then  the  RF  paths  of  the  PMVNA 
are  well  balanced.  When  the  PMVNA  is  set  to  forward  differential-mode,  for  example, 
both  test-sets  have  the  same  switch  configuration.  The  two  RF  paths  that  comprise  the  dif- 
ferential signal  (one  through  test-set  A,  the  other  through  test-set  B)  are  identical  (within 
manufacturing  tolerances),  and  thus  the  phase  and  magnitude  balance  between  the  two 
paths  is  good.  If  the  paths  are  poorly  balanced,  then  high  levels  of  mode-conversion  will 
be  generated  in  the  PMVNA.  Good  balance  is  required  to  have  sufficient  raw  dynamic 
range  for  accurate  measurements.  Again,  the  amount  of  tolerable  imbalance  must  be 
determined  by  experience.  The  raw  performance  of  the  implemented  PMVNA  is  exam- 
ined in  Section  6.2.1. 

This  simplified  test-set  configuration  has  one  significant  disadvantage,  namely,  the 
use  of  two  independent  voltage  controlled  ocsillators  (VCOs).  Referring  to  Figure  4-4, 
one  can  see  that  each  test-set  contains  a  VCO.  During  measurements,  this  VCO  is  phase- 
locked  to  the  RF  input  signal  of  the  test-set  (for  details,  see  Appendix  E).  This  VCO  gen- 
erates a  signal  the  drives  all  four  down-mixers  in  the  test-set.  As  all  mixers  in  a  single 
test-set  are  driven  by  the  same  VCO,  the  phase  relationship  between  the  down-mixed  a 
and  b  signals  remains  the  same  as  it  was  at  RF.  However,  as  the  PMVNA  switches 
between  the  two  test-sets,  the  phase  relationship  between  the  VCOs  of  the  two  test-sets  is 
unknown.  As  a  result,  the  straight-forward  application  of  the  measured  power  wave  data 
will  result  in  significant  errors.  This  disadvantage  can  be  removed,  however,  through  a 
pre-calibration  process  that  characterizes  the  phase  offset  between  the  two  VCOs.  This 
process  is  detailed  in  Section  6.3 
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Only  the  180°/0°  splitter/combiner  and  the  RF  switch  for  the  source  (SW1)  limit 
the  bandwidth  of  the  simplified  PMVNA.  The  85 17A  test  sets  operate  from  45  MHz  to  50 
GHz,  and  with  relaxed  requirements  on  the  180°/0°  splitter/combiner,  accurate  measure- 
ments are  possible  from  about  100  MHz  to  above  25  GHz  with  one  hybrid  [35].  A  second 
hybrid  allows  accurate  measurements  from  45  MHz  to  above  5  GHz  [36].  The  factor  lim- 
iting the  frequency  range  of  any  splitter  is  the  amount  of  imbalance  that  is  tolerable  in  a 
PMVNA  system.  This  imbalance  leads  to  non-ideal  mode  generation,  as  will  be  shown  in 
Chapter  8.  This  non-ideal  mode  generation  can  be  tolerated  and  corrected  through  cali- 
bration (see  Chapter  6)  but  only  to  a  point.  At  some  level  of  imbalance,  the  corrected 
dynamic  range  of  one  or  more  of  the  mixed-mode  s-parameters  becomes  unacceptable. 
The  frequency  at  which  the  level  of  imbalance  is  unacceptable  generally  occurs  beyond 
the  specified  operation  frequencies  of  the  splitter  (splitter  frequency  specifications  are 
linked  to  specified  levels  of  phase  and  magnitude  imbalance),  but  the  exact  level  of  tolera- 
ble imbalance  is  usually  found  through  experience. 

With  this  PMVNA  configuration,  all  mode  responses,  including  mode  conversion, 
can  be  measured.  With  all  responses  available,  very  accurate,  repeatable  calibrations  and 
measurements  are  possible.  Additionally,  with  the  use  of  standard,  readily  available  mea- 
surement equipment,  the  PMVNA  can  be  easily  and  economically  duplicated. 
4.2.3.  Detailed  Operation 

This  section  details  the  theory  of  operation  of  the  PMVNA.  The  operation  is  pre- 
sented as  a  sequence  of  high-level  events  that  affect  the  measurement  of  a  DUT  by  the 
analyzer.  This  discussion  is  meant  to  clarify  the  way  raw  data  is  collected  and  manipu- 
lated in  the  measurement  of  raw  mixed-mode  s-parameters.  In  general,  each  event 
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described  in  this  section  is  comprised  of  many  more  elementary  events  which  are  not 
described  here.  The  referenced  elementary  events  are  performed  by  the  control  software 
of  the  PMVNA  which  has  been  developed  solely  for  this  work.  For  more  details  on  the 
PMVNA  control  software,  see  Section  4.2.4.  Furthermore,  there  is  a  level  of  operation  of 
the  sub-systems  that  is  even  more  fundamental.  These  low-level  events,  such  as  the  lock- 
ing of  the  main  phase-lock  loop,  are  accomplished  by  the  operating  system  of  the  8510 
system,  and  are  transparent  to  the  PMVNA  control  software.  This  most  basic  level  of 
operation  is  not  described  here,  but  can  be  found  in  85 1 0  documentation  [43] . 

This  section  details  only  the  measurement  operation  of  the  PMVNA.  This  opera- 
tion is  the  foundation  of  the  general  operation  of  the  PMVNA,  and  the  output  of  this  oper- 
ation is  raw  (uncorrected)  mixed-mode  s-parameters  of  a  DUT.  Optionally,  this  operation 
can  produce  standard  four-port  raw  s-parameters  directly  (in  contrast  to  transformation  of 
mixed-mode  s-parameters).  The  calibration  and  subsequent  error  correction  procedures, 
and  all  other  functions  of  the  PMVNA,  are  detailed  in  Section  4.2.4. 

The  basic  operation  of  the  PMVNA  measures  the  differential  and  common-mode 
responses  of  a  DUT  to  both  a  differential  and  a  common-mode  stimulus.  Referring  to  the 
flow  diagram  in  Figure  4-5,  the  PMVNA  first  measures  the  DUT  with  a  differential  stimu- 
lus, which  is  accomplished  by  setting  S W 1  to  position  one  (see  Figure  4-3).  Forward 
operation  of  the  DUT  is  measured  by  setting  the  RF  port  selection  switches  of  both  test- 
sets  into  forward  position.  This  drives  PMVNA  ports  (nodes)  one  and  two  with  a  nominal 
180°  phase  difference.  Normalized  waves  are  measured  at  all  down-mixers:  a;,  b\,aj,  bj, 
a3,  fc4,  a4,  i4  (the  reasons  for  measuring  all  possible  normalized  waves,  even  those  that  are 
apparently  unneeded,  are  to  correct  for  RF  switch  imperfections;  see  Section  6.2.4).  This 
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configuration  of  the  PMVNA  is  called  the  differential-forward  mode  (DF).  Next,  reverse 
operation  of  the  DUT  is  measured  by  setting  the  RF  port  selection  switches  of  both  test- 
sets  into  reverse  position.  This  drives  PMVNA  ports  three  and  four  with  a  nominal  180° 
phase  difference.  Again,  normalized  waves  are  measured  at  all  down-mixers.  This  con- 
figuration of  the  PMVNA  is  called  the  differential-reverse  mode  (DR). 
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Figure  4-5.       Flow  chart  of  PMVNA  measurement. 
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Next,  the  PMVNA  measures  the  DUT  with  a  common-mode  stimulus,  which  is 
accomplished  by  setting  SW1  to  position  two  (Figure  4-3).  The  forward  measurements 
are  repeated  in  the  same  way  as  with  the  differential  stimulus  described  above.  This  con- 
figuration is  called  the  common-forward  mode  (CF).  Similarly,  the  reverse  measurements 
are  repeated  with  the  common-mode  stimulus;  this  configuration  of  the  PMVNA  is  called 
the  common-reverse  mode  (CR). 

The  calculation  of  the  mixed-mode  normalized  power  waves  is  as  follows.  After 
all  data  from  a  DUT  measurement  has  been  collected,  the  raw  a  and  b  data  are  arranged 
into  column  vectors,  where  each  vector  corresponds  to  a  single  measurement  mode  (DF, 
DR,  CF,  CR),  and  the  a  and  b  data  are  collected  into  two  corresponding  vectors.  In 
Figure  4-5,  the  arrangement  of  the  a  data  is  illustrated,  where 
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and  where  the  subscripts  one  through  four  correspond  to  the  PMVNA  port  (node)  num- 

-DF    -DR    -CF  -CR 

bers.  Similarly,  the  b  data  are  arranged  into  vectors  b     ,  b      ,b     ,  and  b      .    The  data 

are  the  placed  in  two  matrices 

A-  m  r.DF  _DR  _CF  _CR]        gStd  m  j_DF  _DR  _CF  _CRj  (42) 

where  the  superscript  std  indicates  that  the  matrices  are  nodal  data  rather  than  mixed- 
mode  data.  The  phase  offset  correction  process,  which  will  be  described  in  detail  in 
Section  6.3,  is  applied  to  the  A  and  B-matrices,  generated  phase-corrected  versions,  Ac 
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and  Bc,  respectively.  The  mixed-mode  normalized  power  waves  are  now  calculated  in 
matrix  form 

„std 


.  mm         ,  ,  .  std 
A        =  MA 


(4-3) 


where  the  matrix  M  is  the  similarity  operator  described  in  (3-42).  The  designation  of  ele- 
ments of  the  mixed-mode  power  wave  matrix,  Amm  is  also  composed  of  column  vectors, 
one  for  each  PMVNA  configuration 


-[ 


mniDF  _mmDR  _mmCF 
a  a  a 


-mmCR 

a      J 


(4-4) 


and  where 


DF 

DF 

"d2 

DF 
flc1 

DF 

(4-5) 


with  the  subscript  d  referring  to  the  differential-mode  quantity,  c  to  the  common-mode, 
and  the  subscript  numbers  referring  to  the  mixed-mode  port  numbers  (in  contrast  to  the 
single-ended  node  numbers).  The  remaining  vectors  of  (4-4)  are  defined  in  the  same  fash- 
ion. Likewise,  the  mixed-mode  B-matrix,  Bmm,  can  be  defined. 

The  calculation  of  raw  mixed-mode  s-parameters  is  examined  in  detail  next.  After 
calculation  of  the  mixed-mode  normalized  power  matrices  Amm  and  Bmm,  the  raw  mixed- 
mode  s-parameter  matrix,  Smm,  can  be  simply  calculated 


„mm . . mmr' 
B      (A       ) 


(4-6) 
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One  of  the  added  benefits  of  the  PMVNA  is  that  it  can  also  be  used  to  measure 
standard  four-port  s-parameters.  The  standard  s-parameters  can  be  calculated  through  the 
similarity  transformation  of  (3-44),  but  they  can  also  be  calculated  directly  from  raw  A  and 
B-matrices.  With  this  method,  the  standard  A  and  B-matrices  of  (4-3)  are  used  to  directly 
calculate  the  standard  s-parameters 

sstd  =  gstd^styi  (47) 

The  accuracy  of  these  standard  s-parameters  must  be  considered  carefully,  how- 
ever. As  is  shown  in  Chapter  5,  the  PMVNA  has  lower  residual  errors  when  measuring  a 
differential  device.  By  similar  arguments,  it  can  be  shown  that  a  standard  four-port  VNA 
(where  only  one  test  port  is  stimulated  at  a  time)  will  have  lower  residual  errors  when 
measuring  a  device  that  exhibits  no  differential  behavior.  Stated  another  way,  the  four- 
port  measurements  of  the  PMVNA  of  a  non-differential  DUT  have  higher  residual  errors 
than  measurements  of  the  same  device  from  a  standard  four-port  VNA. 
4.2.4.  Control  Software 

The  control  software  of  the  PMVNA  was  implemented  in  Lab  VIEW.  LabVIEW  is 
a  graphical  instrument  control  language  which  is  well  suited  for  the  automation  of  the 
PMVNA  [37],  The  control  software  has  many  functions  (1)  general  measurement  control 

(2)  VNA  operation  settings  such  as  measurement  frequencies,  attenuation  settings,  etc., 

(3)  PMVNA  calibration,  (4)  general  user  interface,  (5)  data  display,  and  (6)  data  input/out- 
put (I/O)  in  files. 

The  control  software  of  the  PMVNA  represents  a  significant  development  effort. 
This  software  is  highly  specialized,  and  has  been  developed  solely  for  this  work.  The  pro- 
gram is  graphically  developed,  so  that  wiring  diagrams  take  the  place  of  traditional 
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source-code  listings.  The  control  software  represents  more  than  1 1.5  Mbytes  of  code,  so 
including  all  diagrams  is  prohibitive.  Instead,  flow  diagrams  are  presented  to  indicate  the 
substance  of  the  software. 

This  section  reviews  the  control  software  at  the  highest  level  of  functionality.  For 
detailed  descriptions  of  the  various  functions,  see  Appendix  G.  The  basic  flow  of  the  soft- 
ware is  indicated  in  Figure  4-6.  The  first  step  in  using  the  PMVNA  is  to  set  the  basic  oper- 
ating parameters  of  the  analyzer.  This  includes  the  frequencies  of  measurement,  the 
attenuator  settings  for  all  ports,  the  number  of  averages,  RF  source  power  level,  and  so  on. 


c 


Wait  for  Command     )4 


c 


> 


■+C  Re-Calculate  J 

^  l      i      i  -^ 


Exit 


3 


Set  up  PMVNA 


Phase  Offset  Pre-Calibration 


Primary  Calibration 


DUT  Measurement 


Display  Results 


File  I/O 


Figure  4-6.       Top-level  flow  chart  of  PMVNA  control  software. 
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Next,  a  phase  offset  pre-calibration  must  be  completed.  This  characterizes  and  allows  for 
the  correction  of  the  phase  offset  between  the  two  VCO  signals  in  the  test  sets.  For  theo- 
retical details  on  this  calibration  step,  see  Section  6.3.  The  primary  calibration  character- 
izes linear  time-invariant  errors  in  the  PMVNA,  allowing  for  error  correction  of  measured 
data.  The  theoretical  development  of  the  PMVNA  calibration  is  given  in  Chapter  6.  The 
next  step  in  the  software  flow  is  DUT  measurement.  This  includes  measurements  as 
detailed  in  Section  4.2.3,  and  error  correction  of  the  measured  DUT  mixed-mode  s-param- 
eters.  The  final  two  steps  in  the  software  flow  are  optional,  but  are  almost  always  used. 
The  first  of  these  is  data  display,  which  allows  the  user  to  examine  the  raw  or  corrected 
DUT  and  calibration  standard  s-parameters  in  a  variety  of  formats.  The  last  step  is  file  10 
which  allows  the  user  to  save  any  of  measured  data  to  a  file  in  CITI  format  [38].  Also,  the 
software  allows  the  user  to  re-calculate  any  portion  calibration  and  error  correction  algo- 
rithms, which  is  used  mainly  for  de-bugging  purposes. 

4.3.  On-Wafer  Measurements 

The  PMVNA  can  make  measurements  of  devices  with  coaxial  connectors,  or 
devices  that  are  meant  to  be  probed  at  the  wafer  level.  Wafer-level  measurements,  or  on- 
wafer  measurements,  require  special  RF  wafer  probes  to  make  good  performance  RF  con- 
nections to  integrated  devices  that  are  typically  quite  small  (on  the  order  of  300|lm  on  a 
side).  For  the  PMVNA,  careful  attention  must  be  given  to  the  signal  launch  from  the 
probe  tip  to  the  wafer  surface.  As  shown  in  Appendix  C,  the  mixed-mode  s-parameters  of 
an  arbitrary  differential  DUT  can  be  accurately  measured  with  uncoupled  reference  trans- 
mission lines  (or  ports),  independent  of  any  coupled  modes  of  propagation  that  may  exist 
in  the  DUT.  This  is  achieved  through  the  decomposition  of  any  coupled-mode  signals  into 
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Figure  4-7.       GGB  dual-RF  wafer  probe,  top  view  (not  to  scale). 


uncoupled  modes,  which  results  in  mixed-mode  s-parameters  that  are  normalized  to  the 
reference  impedance  of  the  uncoupled  lines.  Accordingly,  the  wafer  probes  that  interface 
with  a  differential  DUT  can  be  composed  of  isolated  single-ended  probes. 

In  order  to  maintain  a  smooth  transition  to  any  coupled-modes,  two  single-ended 
probes  are  paired  into  a  single  mixed-mode  probe.  Each  mixed-mode  probe  provides  two 
RF  measurement  ports  that  are  in  reasonably  close  proximity,  but  are  ideally  uncoupled. 
Hence,  a  mixed-mode  probe  footprint  of  GS,GS2G  is  adopted.  The  PMVNA  system,  as 
implemented  for  this  work,  is  fitted  with  a  pair  of  150p.m  pitch  dual-RF  probes  manufac- 
tured by  GGB  Industries  [39].  A  dual-RF  probe  is  illustrated  in  Figure  4-7,  with  a  detail 
showing  the  probe  contact  configuration. 

Wafer  probes  require  special  calibration  standards.  These  standards  are  meant  to 
be  contacted  directly  by  the  probe,  so  that  the  calibration  reference  planes  are  at  the  probe 


81 

tips.  These  wafer  probe-able  standards  are  widely  available  for  two-port  VNAs.  How- 
ever, the  unique  nature  of  the  PMVNA  required  custom  wafer-probe  standards  to  be 
designed  and  manufactured.  These  standards  are  discussed  in  detail  in  Section  6.2.7  of 
Chapter  6. 

With  the  construction  and  operation  of  the  PMVNA  detailed,  the  measurement 
accuracy  remains  to  be  assessed.  An  important  aspect  of  the  PMVNA  is  its  accuracy  in 
the  measurement  of  differential  devices,  relative  to  that  of  a  more  traditional  VNA.  This 
is  the  central  issue  that  will  be  examined  in  the  next  chapter. 


CHAPTER  5 
ACCURACY  OF  THE  PURE-MODE  VECTOR  NETWORK  ANALYZER 


As  indicated  in  Section  3.1.3,  mixed-mode  s-parameters  and  standard  four-port 
s-parameters  are  related  by  a  linear  similarity  transform.  This  relationship  suggests  that  a 
traditional  four-port  VNA  (where  only  one  measurement  port  is  stimulated  at  a  time) 
could  be  used  to  measure  a  differential  DUT,  and  the  resulting  four-port  s-parameters 
could  be  transformed  to  mixed-mode  s-parameters  for  easy  analysis.  Instead,  a  special- 
ized VNA  has  be  constructed  to  directly  measure  mixed-mode  s-parameters.  These  two 
approaches  do  not  yield  equally  accurate  mixed-mode  s-parameters  of  differential  devices, 
however.  The  PMVNA  will  be  shown  to  be  more  accurate  than  a  traditional  four-port 
VNA  while  measuring  a  differential  circuit.  Mixed-mode  s-parameters  generated  by 
transforming  standard  s-parameters  measured  by  a  traditional  four-port  VNA  exhibit 
higher  levels  of  uncertainty  than  those  measured  by  a  PMVNA.  In  particular,  the  uncer- 
tainties of  transformed  mode-conversion  parameters,  Sdc  and  Scd,  can  be  significantly 
larger  than  the  actual  device  parameter  magnitudes.  The  accuracy  advantage  of  a  pure- 
mode  measurement  system  provides  motivation  for  the  development  of  this  specialized 
measurement  system  for  differential  circuits. 

In  order  to  better  understand  the  benefits  and  limitations  of  the  PMVNA,  the  mea- 
surement accuracy  of  the  system  will  be  examined.  The  goal  of  this  chapter  is  to  quantify 
the  error  in  mixed-mode  s-parameters  of  differential  devices  as  measured  by  a  PMVNA. 
Since  it  has  been  earlier  established  that  a  linear  transform  exists  between  mixed-mode 
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s-parameters  and  standard  s-parameters,  a  traditional  four-port  vector  network  analyzer 
(FPVNA)  can  theoretically  be  used  to  measure  a  differential  device.  Here,  a  traditional 
four-port  network  analyzer  refers  to  a  network  analyzer  that  stimulates  each  port  individu- 
ally while  un-stimulated  ports  are  terminated  with  a  matched  load.  If  a  FPVNA  is  to  be 
considered  for  measurement  of  differential  devices,  it  is  important  to  understand  the 
errors  that  result  by  transforming  standard  s-parameters  into  mixed-mode  s-parameters. 
The  accuracy  of  both  systems  must  be  compared  to  understand  the  advantages  and  disad- 
vantages of  each.  To  quantize  the  errors  in  both  a  PMVNA  and  a  FPVNA,  the  analysis  is 
divided  into  two  important  areas  of  consideration:  probe-to-probe  crosstalk  and  maximum 
measurement  uncertainty.  It  will  be  shown  that  the  PMVNA  has  a  higher  dynamic  range 
than  the  FPVNA  due  to  the  1/d3  and  1/d  (d  is  distance)  dependence  of  probe  crosstalk, 
respectively.  It  will  also  be  shown  that  the  uncertainty  of  mode-conversion  parameters  is 
significantly  lower  for  the  PMVNA  than  for  the  FPVNA. 

5.1.  Probe-to-Probe  Crosstalk 

For  a  wafer-probe  measurement  system,  the  uncorrected  probe-to-probe  crosstalk 
is  an  important  specification.  This  crosstalk  can  limit  the  dynamic  range  of  the  measure- 
ment system,  making  high  dynamic  range  measurements  impractical.  An  important 
example  of  such  a  high  dynamic  range  measurement  is  the  reverse  isolation  of  an  inte- 
grated RF  amplifier.  The  unacceptable  probe  crosstalk  of  single-ended  two-port  VNA 
provided  some  of  the  original  motivation  for  the  development  of  the  PMVNA.  The  differ- 
ential mode  of  operation  of  the  PMVNA  is  expected  to  have  reduced  probe  crosstalk,  due 
to  the  natural  common-mode  signal  rejection  characteristic  of  a  differential  circuit.  This 
reduced  crosstalk  would  allow  higher  dynamic  range  measurements  than  FPVNA.  For 
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these  reasons,  the  raw  probe-to-probe  crosstalk  of  the  PMVNA  and  a  traditional  four-port 
VNA  are  first  quantified.  The  examination  of  the  crosstalk  levels  is  based  on  electromag- 
netic simulations  of  probe  tips.  Measured  probe-to-probe  crosstalk  is  also  provided  as  fur- 
ther evidence  of  the  higher  dynamic  range  of  the  PMVNA. 
5.1.1.  Simulated  Probe  Crosstalk 

The  mixed-mode  probe  is  simulated  as  a  ground-signal rground-signal2-ground 
(GS]GS2G)  probe,  as  described  in  Section  4.3.  The  crosstalk  of  the  four-port  system  is 
represented  through  simulations  of  ground-signal-ground  (GSG)  probes.  The  use  of  the 
two-port  single-ended  probes  allows  a  consistent  comparison  between  the  crosstalk  levels. 
For  simulation,  the  probes  are  modeled  as  50nm  wide  by  100|lm  long  metal  strips 
arranged  in  a  1 50p.m  pitch  configuration,  as  shown  in  Figure  5- 1 .  The  strips  are  situated 
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Figure  5-1.       Probe  crosstalk  simulation  layout. 

a)  Mixed-mode  probe  layout,  b)  Single-ended  probe  layout. 
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on  the  surface  of  a  25mil  substrate,  and  for  purposes  of  this  demonstration,  the  substrate 
relative  dielectric  constant  has  been  chosen  to  be  one.  Under  the  substrate  is  an  ideal 
ground  plane.  The  probes  are  simulated  in  opposing  pairs  where  the  distance  between 
probes  is  specified.  The  electromagnetic  simulator  used  is  Hewlett-Packard's  Momen- 
tum, which  is  a  method-of-moments  simulator  [40],  Multiple  simulations  of  both  the 
mixed-mode  and  single-ended  structures  have  been  executed  over  a  range  of  distances 
between  the  probes  tips. 

The  results  of  the  multiple  simulations  are  shown  in  Figure  5-2  to  Figure  5-5.  A 
direct  comparison  of  the  crosstalk  in  the  differential  mode  of  the  PMVNA  to  that  of  the 
single-ended  VNA  is  shown  in  Figure  5-2  as  a  function  of  probe  separation  at  1 .0  GHz. 
The  simulations  show  that  the  single-ended  crosstalk  maintains  an  approximate  1/d  char- 
acteristic, whereas  the  differential  crosstalk  behaves  as  1/d3.  This  different  dependence  on 
probe  separation  provides  significant  decrease  in  crosstalk  for  the  differential  mode  with 
respect  to  the  single-ended  operation,  and  hence  provides  for  greater  dynamic  range  in  the 
corresponding  measurement.  Also  shown  in  Figure  5-2  is  the  common-mode  crosstalk  of 
the  PMVNA.  The  common-mode  shows  nearly  the  same  level  of  crosstalk  as  the  single- 
ended  system,  as  expected.  This  indicates  that  the  common-mode  measurements  will 
have  approximately  the  dynamic  range  as  traditional  single-ended  measurements.  This 
plot  illustrates  the  dynamic  range  advantages  of  differential  measurements  over  single- 
ended  measurements.  Figure  5-3  shows  a  comparison  of  the  crosstalk  of  the  PMVNA  to 
that  of  the  single-ended  VNA  10.0  GHz.  Figure  5-4  and  Figure  5-5  show  crosstalk  as  a 
function  of  frequency  for  single-ended  and  differential  probes,  respectively. 
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The  previous  figures  assume  perfect  phase  and  magnitude  balance  in  the  PMVNA 
system.  However,  all  real  systems  will  have  some  degree  of  imbalance,  degrading  the 
modal  purity  of  any  stimulus  signal.  The  effects  of  imbalances  on  probe-to-probe 
crosstalk  can  be  quantified  with  the  use  to  the  same  electromagnetic  simulations.  For 
example,  a  5°  phase  imbalance  from  the  ideal  180°  differential  results  in  a  probe  crosstalk 
level  of  -106  dB  at  1 .0  GHz  and  1500|im  separation,  which  reduces  the  dynamic  range 
improvement  over  single-ended  to  approximately  34  dB.  The  phase  imbalance  of  the 
present  PMVNA  is  less  than  ±  5°  from  1  to  over  5  GHz  with  very  small  magnitude  imbal- 
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Figure  5-2.       Simulated  probe  crosstalk  vs.  separation  distance  at  1 .0  GHz. 
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Figure  5-3.       Simulated  probe  crosstalk  vs.  separation  distance  at  10  GHz. 
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Figure  5-4.       Simulated  single-ended  probe  crosstalk  vs.  frequency  for  several  probe 
separations. 
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Figure  5-5.       Simulated  differential  probe  crosstalk  vs.  frequency  for  several  probe  sepa- 
rations. 

5.1.2.  Measured  Probe  Crosstalk 

Measured  probe-to-probe  crosstalk  for  the  PMVNA  is  shown  in  Figure  5-6  to 
Figure  5-8.  This  data  was  collected  with  GGB  150  |im-pitch  dual  RF  probes  (as  discussed 
in  Section  4.3),  where  the  probe  tips  were  suspended  in  air  approximately  10  cm  above  a 
ground  plane.  Figure  5-6  shows  the  measured  and  simulated  differential  and  common- 
mode  crosstalk  as  a  function  of  probe  separation  at  1 .0  GHz.  Figure  5-7  shows  the  same  at 
10.0  GHz.  Figure  5-8  shows  the  measured  differential  crosstalk  versus  frequency  for  sev- 
eral probe  separations. 

From  these  figures,  one  can  see  that  the  measured  crosstalk,  regardless  of  mode,  is 
generally  higher  than  that  of  the  simulated  structures.  The  source  of  the  difference  is  most 
likely  due  to  the  structural  differences  between  the  simulated  structures  and  the  actual 
probes.  Despite  the  differences  in  the  absolute  level  of  crosstalk,  the  measured  data  shows 
similar  trends  versus  probe  separation.  The  measured  data  shows  a  30  dB  difference 
between  the  differential  and  common-mode  crosstalk  at  1.0  GHz  and  1500  (im  separation, 
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and  22  dB  at  10.0  GHz  (compared  to  simulated  40  dB  and  30  dB,  respectively).  This  dif- 
ference in  the  crosstalk  of  the  modes  clearly  indicates  a  higher  dynamic  range  for  the  dif- 
ferential-mode in  the  PMVNA. 
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Figure  5-6.       Measured  probe  crosstalk  vs.  separation  distance  at  1 .0  GHz. 
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Figure  5-7.       Measured  probe  crosstalk  vs.  separation  distance  at  10  GHz. 
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Figure  5-8.       Measured  differential  probe  crosstalk  vs.  frequency  for  several  probe  sepa- 
rations. 


5.2.  Uncertainty  Calculations 

A  generally  accepted  quantification  of  error  in  VNA  measurements  is  the  maxi- 
mum uncertainties  in  the  magnitude  and  phase  of  a  set  of  s-parameters  [43].  This  section 
seeks  to  quantify  the  error  in  a  mixed-mode  measurement,  and  compare  that  to  the  error  in 
a  standard  four-port  measurement. 

All  measurements  have  errors,  and  these  (unknown)  errors  add  uncertainty  to  the 
measurements.  This  uncertainty  limits  how  accurately  a  DUT  can  be  measured.  VNA 
errors  can  be  separated  into  raw  and  residual  errors.  Both  types  of  errors  can  be  further 
sorted  into  systematic  (repeatable)  and  non-systematic  (non-repeatable)  errors.  For  a 
complete  description  of  VNA  errors,  see  Chapter  6.  Residual  errors  are  the  errors  that 
remain  after  calibration.  During  calibration,  standards  with  known  characteristics  are 
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measured  by  the  VNA,  and  the  systematic  errors  of  the  VNA  are  quantified.  Any  mea- 
surement of  a  DUT  can  be  corrected  by  mathematically  removing  the  effects  of  the  sys- 
tematic errors  (PMVNA  calibration  and  error  correction  are  examined  in  detail  in 
Chapter  6).  However,  this  correction  process  is  not  completely  accurate.  Limitations  on 
how  accurately  the  standards  are  known  and  non-systematic  errors  (in  calibration  and 
DUT  data)  cause  the  correction  to  be  imperfect. 

Measurement  accuracy  is  specified  as  a  certain  level  of  maximum  possible  magni- 
tude and  phase  error  for  a  given  DUT  measurement,  which  is  called  maximum  measure- 
ment uncertainty.  The  numerical  values  for  these  specifications  arise  from  the 
combination  of  three  elements:  (1)  detailed  mechanical  tolerances  of  the  calibration  stan- 
dards (from  the  manufacturer  of  the  standards)  which  lead  to  uncertainties  in  the  standards 
electrical  response,  (2)  raw  instrumentation  measurement  errors,  and  (3)  the  precise  VNA 
calibration  process  used  [41].  All  of  these  elements  contribute  to  the  actual  measurement 
error. 

To  make  the  accuracy  specifications  independent  from  the  DUT,  the  sources  of 
error,  from  the  three  areas  listed,  are  stated  as  a  set  of  equivalent  residual  errors.  These 
residual  errors  are  based  on  an  assumed  error  model.  Since  the  actual  error,  produced  by 
the  three  factors  above,  cannot  be  directly  known,  the  residual  error  terms  are  expressed  as 
maximum  magnitudes.  It  is  assumed  that  these  residual  errors  can  combine  in  a  way  to 
produce  the  maximum  error  in  the  corrected  DUT  s-parameters. 

To  ensure  that  a  VNA  is  producing  measurements  within  the  accuracy  limits  set  by 
the  residual  error  terms,  a  verification  process  is  typically  employed  [41].  This  process 
involves  measuring  a  set  of  verification  standards  (different  than  those  used  in  calibra- 
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tion),  and  comparing  the  corrected  s-parameters  to  NIST  traceable  measurements  of  the 
same  verification  standards  (previously  generated  through  a  meteorology  lab).  These 
traceable  measurement  also  have  an  associated  maximum  uncertainty,  which  has  been  cal- 
culated from  the  same  three  factors  listed  above  (these  uncertainties  are  typically  smaller 
than  those  of  a  typical  VNA  due  to  extreme  tolerances  used  in  developing  meteorology 
standards)  [41].  The  difference  between  the  measured  s-parameters  and  the  traceable  s- 
parameters  represents  the  total  measurement  uncertainty.  The  effects  of  the  uncertainty  in 
the  traceable  data  can  be  removed  from  the  measurement  data  (in  a  worst-case  fashion), 
leaving  the  VNA  measurement  uncertainty.  From  the  established  residual  errors,  an 
allowable  maximum  measurement  uncertainty  can  be  calculated  for  each  of  the  verifica- 
tion standards,  and  the  VNA  measurement  uncertainty  must  be  less  than  this  value  to  be 
considered  to  be  operating  within  specifications  [43], 

For  s-parameter  measurements,  uncertainty  is  usually  expressed  as  a  maximum 
magnitude  uncertainty  and  a  maximum  phase  uncertainty  for  each  parameter.  Maximum 
uncertainty  is  calculated  by  finding  the  phases  for  all  residual  errors  that  cause  the  maxi- 
mum error  in  the  corrected  data,  either  in  magnitude  or  phase.  Furthermore,  the  uncertain- 
ties of  a  measurement  are  highly  dependent  on  the  actual  s-parameters  of  the  DUT. 
Because  of  this,  maximum  uncertainties  are  given  with  respect  to  a  particular  s-parameter 
value  or  specific  DUT. 

This  study  of  uncertainty  focuses  on  gaining  a  reasonable  estimation  of  the  maxi- 
mum uncertainty  of  the  PMVNA  while  measuring  a  differential  device.  The  necessity  of 
the  estimation  results  from  the  lack  of  well  established  residual  errors  for  the  PMVNA, 
and  the  lack  of  appropriate  mixed-mode  verification  standards  through  which  measure- 
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ment  uncertainties  can  be  found.  Another  goal  of  this  study  is  to  estimate  the  maximum 
uncertainty  of  a  FPVNA  while  measuring  the  same  differential  device.  In  particular,  it  is 
important  to  quantize  the  maximum  uncertainty  of  transforming  four-port  s-parameters 
with  uncertainty  into  mixed-mode  s-parameters. 

The  calculation  of  maximum  uncertainty  is  based  upon  a  residual  error  model. 
The  error  model  used  for  calculation  of  uncertainty  of  the  FPVNA  is  shown  in  Figure  5-9. 
The  figure  shows  the  equivalent  (composite)  representation  of  several  errors.  The  devel- 
opment of  this  model  required  several  assumptions,  but  it  is  extended  directly  from 
accepted  two-port  residual  error  models.  The  basic  assumptions  of  the  model  are  dis- 
cussed below,  but  a  detail  description  is  available  in  Section  5.2.2. 

The  basic  assumptions  used  in  the  FPVNA  are:  (1)  perfect  port-to-port  isolation. 
This  is  done  primarily  to  simplify  calculations.  The  effects  of  probe-to-probe  crosstalk 
may  limit  accuracy  of  some  parameters,  but  is  considered  in  the  earlier  sections.  (2)  No 
drift  errors  are  included,  to  simplify  calculations.  This  error  typically  has  only  a  minor 
effect.  (3)  No  cable  variation  errors  are  considered,  to  simplify  calculations.  This  error 
typically  has  only  a  minor  effect.  (4)  No  connector  repeatability  errors  are  considered,  to 
simplify  calculations.  Again,  this  error  typically  has  only  a  minor  effect.  (5)  Forward  and 
reverse  error  quantities  are  considered  to  be  equal.  This  is  done  to  simplify  calculations, 
and  from  typical  two-port  residual  errors,  this  is  a  good  approximation.  (6)  Any  source  or 
load  variations  due  to  switching  are  geometrically  averaged.  Again,  this  is  done  to  sim- 
plify calculations.  This  allows  the  development  of  a  single  error  model  instead  of  four, 
while  allowing  reasonable  estimation  of  the  effects  of  switching  errors.  (7)  All  residual 
error  values  are  based  on  typical  85 IOC  residual  errors,  TOSL  sliding  load  calibration, 
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with  1 024  averages  [43]  (see  Table  5- 1 ).  The  residual  error  model  of  the  PMVNA  is 
shown  in  Figure  5-10.  It  is  essentially  identical  to  that  of  the  FPVNA. 

The  values  of  the  maximum  uncertainties  have  been  found  using  a  process  of 
numerical  calculation  of  many  random  trials,  where  all  variables  are  considered  to  have  a 
uniform  probability  distribution  (this  approach  is  generally  called  Monte-Carlo  analysis). 
This  analysis  has  been  done  with  a  Matheinatica  program.  Since  the  error  in  any  one  s- 
parameter  is  in  general  a  function  of  all  DUT  s-parameters  and  all  error  parameters,  the 
direct  solution  of  the  worst-case  error  is  extremely  difficult  without  simplifying  assump- 
tions. The  numerical  technique  allows  the  estimation  of  the  worst-case  errors  without 
making  any  further  simplifying  assumptions.  The  following  steps  are  taken  in  the  monte- 
carlo  calculation:  (1)  a  set  of  actual  DUT  s-parameters  are  presumed.  (2)  The  phase 
angles  of  the  error  terms  are  randomly  set  with  a  uniform  distribution  over  0°  to  360°,  and 
(3)  the  resulting  "measured"  s-parameters  are  calculated  by  a  embedding  process  (the 
inverse  function  of  error  correction).  (4)  The  error  between  the  magnitudes  of  the  actual 
and  "measured"  s-parameters  are  calculated,  likewise  for  errors  in  phases.  (5)  Many  ran- 
dom trials  are  run,  and  the  maximum  errors  in  magnitudes  and  phases  are  collected  for 
each  parameter. 

Numerical  calculations  are  based  on  the  s-parameters  of  an  example  differential 
RF  amplifier  as  the  DUT.  The  s-parameters,  given  in  (5- 1 ),  are  the  1 .0  GHz  mixed-mode 
s-parameters  of  an  RF  pre-amp.  The  values  of  the  error  terms  used  in  the  calculation  are 
given  in  Table  5-1.  For  this  study,  the  number  of  random  trials  is  one  million. 
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Figure  5-9.       Equivalent  four-port  uncertainty  model. 


Table  5-1 

Typical  85  IOC  residual  error  magnitudes 
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Assumptions: 

♦  Forward  and  reverse  errors  equal 

♦  Perfect  port  isolation 

♦  No  drift  variations 

♦  No  connector  repeatability  effects 

♦  Source/Load  variations  geometrically 

averaged 

♦  No  cable  variations 

♦  85 IOC  typical  residual  errors: 
2.4mm  slot-less  connectors 
TOSL,  sliding  load 


Figure  5- 1 0.     Equivalent  mixed-mode  uncertainty  model. 


J  Din- 


s'     I   IS' 

|*dd|  rdc 

Is    I  Is    I 
cd   Pec 


0.329   0.0007  0.0080  0.0019 

1.24     0.973   0.0140  0.0190 

0.0132  0.0013   0.286  0.0165 

0.0351  0.0183     1.02     0.962 


(5-1) 


Calculations  of  maximum  magnitude  and  phase  uncertainties  of  the  PMVNA  and 
the  FPVNA  are  presented  below.  In  the  following  expressions,  the  superscript  "mm"  indi- 
cates the  parameters  are  in  mixed-mode  format;  the  superscript  "std"  indicates  standard 
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s-parameters.  The  vertical  bars  indicate  the  values  are  magnitude  terms,  and  the  angle 
sign,  A,  represents  the  phase  of  the  parameter.  The  symbol  Amax  indicates  the  maximum 
calculated  error  in  magnitude  or  phase  as  appropriate.  As  the  number  of  random  trials 
increase,  the  maximum  calculated  error  will  approach  the  maximum  uncertainty.  For  this 
work,  it  is  assumed  that  the  number  of  trials  is  sufficient  so  that  the  maximum  calculated 
error  is  approximately  equal  to  the  maximum  uncertainty,  so  the  terms  will  be  used  inter- 
changeably. The  maximum  magnitude  uncertainty  in  the  mixed-mode  s-parameters  of  the 
amplifier,  as  measured  by  the  PMVNA,  are  given  in  (5-2). 


Amax  aDUT 


9.35xl(f3  9.24xl0"6  7.23xl0"5  2.52xl0"5 
1.47X10"2  1.79X10"2  4.06X10"4  3.58xl0~4 
l.OOxlO"4  1.84xl(f5  9.45X10"3  2.04xl0"4 
7.05xl(f4  3.38x10""  1.25xl0"2  1.78xl0"2 


(5-2) 


It  can  be  seen  that  the  uncertainties  are  roughly  proportional  to  the  magnitude  of 
the  corresponding  s-parameter.  In  all  cases,  the  maximum  uncertainties  are  more  than 
one  order  of  magnitude  smaller  than  the  magnitude  of  the  parameter,  illustrating  good 
overall  accuracy.  This  result  is  analogous  to  the  behavior  of  two-port  uncertainties. 

The  values  of  maximum  magnitude  uncertainty  of  mixed-mode  s-parameters 
transformed  from  the  FPVNA  s-parameters  is  given  in  (5-3).  This  calculation  has  been 
accomplished  during  the  monte-carlo  calculation  by  first  transforming  the  "measured" 
four-port  s-parameters  of  each  random  trial  into  mixed-mode  s-parameters,  and  then  accu- 
mulating the  maximum  errors  with  respect  to  the  actual  DUT  mixed-mode  s-parameters. 
This  order  of  calculation  is  indicated  by  explicitly  showing  the  transformation  (M  S  M'1) 
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before  the  uncertainty  operator.    An  alternate  order  of  calculation  is  discussed  in 
Section  5.2.3  at  the  end  of  this  chapter. 


Am«kOH 


9.38X10"3  2.13xl0~5  9.24xl0"3  7.82xl0~5 
1.51X10"2  1.76xl0"2  1.23xl0"2  1.71  xl(f2 
9.30xl(f 3  1.48xl0"4  9.15xl(f  3  1.96xl0"4 
1.40xl0"2  1.69xl0"2  1.19xl0"2  1.71xl0"2 


(5-3) 


In  general,  the  uncertainties  of  the  transformed  four-port  s-parameters  are  greater 
than  those  measured  directly  by  the  PMVNA.  In  the  highlighted  mode  conversions  terms 
(Sdc  and  Scd)  the  uncertainties  have  increased  significantly  over  those  of  the  PMVNA,  so 
that  the  uncertainties  are  approximately  the  same  magnitude  as  the  corresponding 
s-parameter.  In  these  mode-conversions  terms,  the  overall  error  is  dominated  by  the  larg- 
est error  in  the  standard  s-parameter  terms.  Consider  the  conversion  parameter  sci2\ 

1 


■>cd21   ~  2^31      syi  +  si\~s42> 
In  a  typical  differential  device 

|*3l|  *  |s32|  Ktll*!^!  nil^Kll 

so  that  the  uncertainty  in  the  transformed  parameter  is  approximately 


^axl^DUT^'IcdZl  =Amaxhl| 


*31 


(5-4) 


(5-5) 


(5-6) 


With  similar  approximations,  the  differential  gain  of  a  device  is 


■Md2l 


2T31      ^"^l +,s42|e|J3l| 


Am«|MSDUTW  l^l-^maxhll  ~  \s3 


(5-7) 
(5-8) 
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Therefore,  the  errors  in  the  mode-conversion  parameter  will  be  in  proportion  to  the  gain  of 
the  device,  rather  than  in  proportion  to  the  magnitude  of  the  actual  mode-conversion. 

The  maximum  phase  uncertainties  of  the  mixed-mode  s-parameters  of  the  differ- 
ential amplifier  can  also  be  calculated.  The  phase  uncertainty  of  the  directly  measured 
mixed-mode  parameters  is  shown  in  (5-9),  and  that  of  the  transformed  four-port  data  is 
given  in  (5-10),  both  in  degrees. 


^max^DUT 


1.63  0.756  0.516  0.755 
0.679  1.05  1.67  1.08 
0.433  0.816    1.89   0.707 

1.15  1.06  0.705  1.06 


(5-9) 


Z(MSdut^-')  = 


1.63  1.75  180  2.34 
0.696  1.04  61.7  63.8 
44.6  6.59  1.83  0.680 
23.5  67.2  0.672  1.02 


(5-10) 


The  phase  errors  are  of  similar  size,  except  in  the  mode-conversion  parameters.  The  large 
phase  errors  in  the  conversion  parameters  of  the  transformed  four-port  data  is  directly 
related  to  the  large  magnitude  errors  in  the  same  parameters. 
5-2.1 .    Discussion  of  Accuracies 

This  study  of  uncertainties  has  demonstrated  that  the  PMVNA  has  a  higher  accu- 
racy than  the  FPVNA  when  measuring  a  differential  device.  When  a  differential  device  is 
measured  by  a  PMVNA,  the  pure-mode  parameters  (Sdd  and  5CC)  have  about  one-half  of 
the  magnitude  error  of  the  corresponding  parameters  of  transformed  four-port  s-parame- 
ters measured  by  a  FPVNA.  The  mode-conversion  parameters  (Sdc  and  Scd)  as  measured 
by  a  PMVNA  can  have  substantially  lower  error  than  those  measured  by  a  FPVNA. 
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A  practical  example  of  where  such  errors  can  be  important  is  in  the  calculation  of 
the  common-mode  rejection  of  a  radio  receiver.  In  a  differential-in-differential-out  ampli- 
fier, the  common-mode  rejection  ratio  is  essentially  the  mode-conversion  parameters.  In  a 
case  of  a  strong  common-mode  signal,  errors  in  the  mode-conversion  parameters  can  lead 
to  errors  in  the  calculation  of  the  amount  of  spurious  differential  response  of  the  amplifier. 
Consider  a  0  dBm  common-mode  signal  at  the  input  of  the  amplifier  in  (5-1).  Assuming 
50Q  terminations  for  ease,  the  actual  differential  signal  at  the  output  of  the  amp  is 
20Log(sdc2i)  =  -37. 1  dBm.  The  signal  level  predicted  by  the  PMVNA  measurements 
would  be,  at  worst,  -36.2  dBm.  In  contrast,  the  signal  predicted  by  the  FPVNA  could  be 
between  -31.6  dBm  and  -55.4  dBm. 

The  mode-conversion  parameters  represent  important  behavior  in  the  analysis  and 
design  of  differential  circuits.  A  fundamental  advantage  of  differential  circuits  is 
increased  noise  immunity  when  compared  to  single-ended  circuits.  Here,  noise  immunity 
means  the  rejection  of  common-mode  signals  of  all  type.  Typical  examples  of  such  com- 
mon-mode noise  include  interfering  signals,  known  as  electromagnetic  interference 
(EMI),  from  clocks,  VCOs,  etc.  Also,  even-order  distortion  products  are  rejected  in  an 
ideal  differential  circuit.  The  ability  of  a  real  circuit  to  achieve  the  rejection  of  these  sig- 
nals is  directly  linked  to  the  degree  of  balance  in  the  differential  circuit.  The  mode-con- 
version parameters  are  direct  measurements  of  the  degree  of  imbalance  in  a  differential 
circuit.  Thus,  errors  in  the  measured  mode-conversion  limit  the  ability  to  analyze  and  ulti- 
mately realize  the  advantages  of  differential  topologies. 
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5,2,2.  Uncertainty  Model  Derivation 

The  uncertainty  error  models  of  Figure  5-9  and  Figure  5-10  are  developed  by 
extending  the  basic  concepts  of  the  well  established  two-port  uncertainty  model.  The  two- 
port  model  is  typically  developed  in  terms  of  separate  forward  and  reverse  models.  These 
models  are  shown,  in  simplified  form,  in  Figure  5-11,  neglecting  drift,  cables,  and  connec- 
tors. The  four-port  models  have  simply  applied  two  different  two-port  models.  The  major 
differences  are  two  fold.  First,  the  forward  and  reverse  models  have  been  combined  into  a 
single  effective  error  model.  Second,  the  two  different  two-port  error  models  that  com- 
pose the  four-port  model  can  not  be  considered  to  be  independent.  In  other  words,  the 
increase  in  the  number  of  ports  requires  additional  error  terms  so  that  each  port  has  a  rela- 
tive error  path  with  respect  to  all  other  ports.  In  general,  with  the  assumption  of  perfect 
port  isolation,  an  n-port  VNA  will  require  n2  -I  error  paths  and  one  unity-valued  path. 

The  models  in  Figure  5-1 1  show  several  cascaded  blocks,  each  with  multiple  error 
terms.  These  blocks  are  reduced  to  a  single  block  representing  the  composite  error  paths 
containing  the  appropriate  error  terms.  For  simpler  calculation,  the  composite  error  block 
is  represented  in  terms  of  chaining  scattering  parameters,  known  as  t-parameters  (see 
Appendix  H).  The  error  block,  TE,  is  partitioned  into  four-by-four  sub-matrices 


TE  = 


TEll  TE\2 
TE2\  TE22 


(5-11) 


The  "measured"  s-parameters,  including  errors,  can  be  calculated  by 

Sm  =  (TEUSa  +  TEn)(TE2^a  +  TE22)^  (5-12) 

where  Sa  is  that  actual  s-parameter  matrix  of  the  DUT.  For  a  complete  discussion  of  the 
concepts  leading  to  this  equation,  see  Section  6.2. 
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Figure  5-11.     Two-port  uncertainty  model. 

a)  Forward  uncertainty  model,  b)  Reverse  uncertainty  model. 


The  above  development  is  applicable  to  both  standard  and  mixed-mode  s-parameters.  The 
uncertainty  models  of  the  PMVNA  and  FPVNA  are  essentially  the  same,  but  the  corre- 
sponding s-parameter  expressions  are  slightly  different,  due  to  their  respective  definitions. 
However,  is  can  be  shown  (see  Appendix  I),  that  under  the  condition  of  the  no-leakage 
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model  (i.  e.  perfect  isolation)  the  appropriate  conversions  of  the  two  different  s-parameter 
matrices  results  in  identical  t-parameter  expressions,  that  is 

CI  =  lf\  (5-13) 

Ino-leakage  Ino-leakage 

As  a  result,  the  remaining  development  applies  equally  to  the  FPVNA  and  the  PMVNA 

uncertainty  models. 

The  partitions  of  the  T-matrix  can  now  be  related  to  the  residual  error  terms  in 

Figure  5-11.  For  perfect  port  isolation,  the  partitions,  TEij,  are  diagonal  matrices,  and  have 


the  form 


TEU  =  DiagfX,;) 
TEn  =  Diag(X2i) 
TE2I  =  Diag(X31) 
TE22  =  Diag(A:4i) 


ie  {1,2,3,4}  (5-14) 


where  the  subscript i  indicates  a  term  associated  with  a  particular  measurement  port,  and 
Xji  are  intermediate  variables.  These  terms  are  related  to  the  error  terms  by 

£ldi£'si  £'di 

*ii  -  bri~-^, —  *2i  =  jr 
u  pi  c  pi 

„  (5-15) 

x,.  =  -lii      x,.  =  -L 

31  p'  4i         p 

L  pi  E  pi 

The  primed  quantities  are  further  expanded  as 

Fri  =  (l+£r)Drf  Fsi  =  £s 


Fdi  =  £dD*  £'pi=1+£P 


(5-16) 


The  ports  are  assumed  to  have  the  same  residual  error  magnitudes,  so  the  error  terms  are 
identical  for  all  ports  ;.  The  noise  and  dynamic  range  errors,  Dd,  are  expanded  as 
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^  =  (1+£n,  +  £nfK1+^)  (5"17) 

As  stated  earlier  the  effects  switching  between  ports  have  been  estimated  to  pro- 
vide a  single  error  model  for  the  entire  VNA.  The  estimation  is  accomplished  by  geomet- 
rically averaging  the  quantities  that  change  as  the  port  switches  change.  Since  the  FPVNA 
and  PMVNA  uncertainty  models  are  derived  from  two-port  VNA  models,  the  switching 
estimation  is  done  with  respect  to  the  two-port  model  of  Figure  5-11.  For  example,  the 
source  impedance  error  of  the  FPVNA  is  assumed  to  be  equal  for  all  ports  and  constant, 
regardless  of  which  port  is  being  stimulated.  The  value  of  this  error  is  estimated  as  the 
geometric  mean  of  the  source  match  error  and  the  load  match  error  of  a  two-port  VNA. 
This  same  estimation  is  used  for  response/tracking  errors  and  dynamic  range  errors 

£r  =  fi&i        £s  -  fi^n        Ah  =  AA"2  (5-18) 

Furthermore,  the  numerical  values  used  are  assumed  to  be  equal  in  forward  and  reverse 
directions 

B,|  =  £*|  =£„  (5-19) 

Iforward  Ireverse 

where  *  represents  any  error  term  designator  (e.  g.  d,  s,  r). 

As  discussed  earlier  in  this  section,  additional  error  terms  are  required  to  describe 
the  relative  error  between  ports  of  the  FPVNA  and  PMVNA.  In  absence  of  actual  four- 
port  residual  errors,  it  is  assumed  that  the  port-to-port  error  will  be  similar  in  magnitude  to 
the  average  response  error 

Ep  =  ET  (5-20) 

The  error  matrix,  TE,  has  fifteen  non-unity  composite  error  terms.  However,  it 
contains  thirty-one  independent  error  variables  (Er  EA,  etc.).  To  reduce  the  number  of 
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independent  variables,  the  composite  error  terms  in  TE  are  considered  as  the  variables  for 
the  monte  carlo  analysis.  The  maximum  magnitudes  of  the  composite  error  terms  must  be 
used  since  the  individual  error  terms  are  independent,  and  they  are  found  to  be 


iv  |  J^llPma"l  iv   |<_HfL  (5-21) 

\xr\-    \-\Ep\  F3i|sT±j^[  p/u 


|*4i|  -  l  _  \r  I  'X41  _  ') 

I   P\ 


with 


Pmax|=(1+|£n.|  +  |£nf|H,+N)  (5"22) 

The  fact  that  the  error  terms  are  magnitudes  only  is  emphasized  by  explicitly  showing 
magnitude  bars  on  all  error  terms. 

The  random  variables  of  the  composite  error  terms  are  constructed  from  the  mag- 
nitudes of  (5-21)  where  the  phase  of  the  error  is  the  randomly  varied  quantity. 

XU  =  1  +  (UU  -  D«*U  *2i  =  pf2i|/2i  A-3,  =   |X3]|/3i 

(5-23) 
X4i  =  l+(|X4i|-l)^'*4i  (X41  =  1) 

where  X  indicated  a  random  variable. 

From  the  composite  error  terms  in  (5-23),  the  maximum  uncertainties  can  be  cal- 
culated. Each  trial  of  the  monte-carlo  calculation  set  the  random  phases  and  the  error 
matrix,  TE,  is  calculated  by  (5-14).  From  this,  the  "measured"  s-parameters  are  calculated 
from  (5-12),  and  the  magnitude  errors  are  found  by 
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and  the  phase  error  can  be  calculated  by  [43] 


AZS„  =  sin 


(5-25) 


5.2.3,  Order  of  Uncertainty  Calculations 

The  order  of  calculation  has  been  carefully  considered,  as  there  is  an  alternative 
approach.  The  maximum  errors  could  first  be  accumulated  in  the  four-port  s-parameters, 
and  then  the  maximum  errors  of  each  mixed-mode  parameter  could  then  be  calculated. 
This  last  method  requires  that  the  uncertainties  of  the  appropriate  standard  s-parameter  be 
combined  in  a  way  to  maximize  the  resulting  mixed-mode  uncertainty.  This  approach, 
although  simpler  to  calculate,  is  not  used  as  the  primary  method  of  calculation  because  it 
contains  two  levels  of  error  maximization,  and  might  unnecessarily  inflate  the  uncertain- 
ties of  the  transformed  s-parameters.  In  practice,  the  method  of  calculation  makes  little 
difference,  as  seen  in  (5-26). 


M  a       kstd    I  M~ 


(5-26) 


1.03X10"2  2.38X10"4  1.03X10""2  2.38xl0"4 

1.75xlO"2  2.01X10"2  1.75X10"2  2.01xl0"2 

1.03X10"2  2.38x10""  1.03X10"2  2.38xl0"4 

1.75X10"2  2.01X10"2  1.75xl0"2  2.01xl0~2 


The  similarity  in  the  uncertainties  of  (5-6)  and  (5-26)  indicates  that  the  transform 
provides  no  advantage  in  reducing  uncertainties.  A  particular  random  trial  may  produce 
correlated  errors  in  the  four-port  s-parameters,  and  these  correlations  may  reduce  errors  in 
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the  transformed  s-parameters.  However,  another  random  trial  exists  that,  when  the  result- 
ing four-port  s-parameters  are  transformed,  again  produces  an  error  that  is  as  large  as 
approach  indicated  in  (5-26). 

5.3,  Conclusions  on  Accuracy 

This  study  of  uncertainties  has  demonstrated  that  the  PMVNA  has  a  higher  accu- 
racy than  the  FPVNA  when  measuring  a  differential  device.  The  PMVNA  has  the  advan- 
tage of  the  natural  noise  suppression  of  differential  circuits.  This  results  in  greatly 
enhanced  dynamic  range  in  differential  measurement  with  respect  to  traditional  VNA 
measurements.  Consideration  of  residual  error  in  an  practical  VNA  system  has  shown 
that,  when  measuring  a  differential  device,  the  pure-mode  parameters  from  the  PMVNA 
have  about  one-half  of  the  magnitude  error  of  the  corresponding  parameters  of  trans- 
formed four-port  s-parameters  measured  by  a  FPVNA.  Most  importantly,  the  mode-con- 
version parameters  as  measured  by  a  PMVNA  can  have  substantially  lower  error  than 
those  measured  by  a  FPVNA.  These  findings  indicate  that  the  PMVNA  has  a  clear  accu- 
racy advantage  in  the  measurement  of  differential  devices. 

With  the  advantages  of  the  PMVNA  clear,  the  calibration  and  error  correction  of 
the  PMVNA  is  next  required  for  the  measurement  of  RF  differential  circuits.  The  accu- 
racy conclusions  of  this  chapter  are  based,  in  part,  on  a  assumed  level  of  calibration  accu- 
racy. Care  must  be  taken  to  ensure  the  completeness  of  the  PMVNA  calibration  to  ensure 
the  accuracy  advantages  are  maintained. 


CHAPTER  6 
CALIBRATION  OF  THE  PURE-MODE  VECTOR  NETWORK  ANALYZER 


6. 1 .  Types  of  VNA  Measurement  Errors 

All  VNA  measurements  have  errors  which  can  be  grouped  into  several  major  cate- 
gories. The  most  common  groupings  are:  linear  systematic  errors,  linear  non-systematic 
(non-repeatable)  errors,  non-linear  errors,  source  frequency  errors.  A  further  source  of 
error,  which  is  important,  but  not  relevant  to  this  discussion,  is  human  operator  error. 
Some  of  these  errors  are  further  sub-divided,  such  as  non-systematic  errors  divided  into 
random  and  drift  errors.  A  representation  of  the  classes  of  errors  is  shown  in  Figure  6- 1 . 


Operator 
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Raw 


Source  Freq. 
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Raw 

Residual    1 

Figure  6- 1 .       Types  of  VNA  measurement  errors. 
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Some  errors  will  not  be  considered  here.  In  particular,  non-linear  errors,  and 
source  frequency  errors  will  not  be  treated.  Non-linear  errors  include  errors  such  as  non- 
linear performance  in  the  analog-to-digital  converters  in  the  VNA  [41]  and  undesired  non- 
linear behavior  in  down-mixers.  Source  frequency  errors  include  absolute  and  relative 
(drift)  errors  in  the  frequency  of  the  RF  signal  generated  in  the  VNA  source.  Both  of  these 
types  of  errors  can  have  serious  impact  on  measurement  accuracy.  However,  these  errors 
are  essentially  set  by  the  test  equipment  architecture,  and  are  generally  not  improvable  by 
the  equipment  user.  For  this  reason,  these  errors  will  be  assumed  as  residual,  uncorrect- 
able errors,  and  not  treated  in  the  calibration  process. 

Systematic  errors  include  all  static  (repeatable)  errors,  and  non-systematic  errors 
include  noise,  drift,  and  other  time  variant  errors.  Theoretically,  the  effects  of  all  static 
linear  systematic  errors  can  be  mathematically  removed  if  the  errors  are  known.  This  pro- 
cess, called  calibration,  involves  measuring  certain  well  known  devices,  called  standards, 
with  the  non-ideal  VNA.  These  measurements,  in  combination  with  the  known  responses 
of  the  standards,  can  be  used  to  solve  for  all  systematic  errors.  After  calibration,  the  sys- 
tematic VNA  errors  can  be  removed  from  the  measurements  of  any  unknown  device;  this 
is  called  error  correction. 

The  calibration  of  the  PMVNA  is  separated  into  two  major  divisions:  the  primary 
calibration  and  the  phase  offset  pre-calibration.  The  primary  calibration  characterizes  lin- 
ear systematic  errors,  as  described  above.  This  is  done  in  with  the  traditional  method  of 
measuring  a  set  of  well  known  standards.  The  phase  offset  pre-calibration  is  the  process 
by  which  the  phase  relationship  between  the  VCOs  of  the  two  test-sets  is  characterized. 
This  process  is  much  different  than  the  primary  calibration  in  that  very  little  needs  to  be 
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known  about  the  standards  associated  with  the  pre-calibration.  After  a  full  description  of 
these  calibration  steps,  the  step-by-step  calibration  process  implemented  for  this  work  will 
be  detailed.  This  final  section  of  this  chapter  will  explain  the  mechanics  by  which  all  of 
the  previous  theoretical  development  of  the  chapter  is  used  to  make  a  practical,  accurate 
calibration  of  the  PMVNA. 

6.2.  Primary  PMVNA  Calibration 

6.2.1.  Raw  Performance 

The  raw  performance  of  any  VNA  is  important  as  it  will  effect  the  ultimate  cali- 
brated measurement  accuracy.  As  an  indication  of  the  raw  accuracy,  the  measured  raw 
data  of  two  devices  are  presented.  The  first  presented  device  is  the  match,  where  matched 
50£2  terminations  are  placed  on  all  ports.  The  second  device  is  a  pair  of  through  connec- 
tions. Together,  these  devices  give  an  indication  of  the  raw  dynamic  range  of  the 
PMVNA.  For  instance,  the  ratio  of  the  raw  transmission  of  the  through  connection  to  the 
residual  transmission  of  the  match  gives  a  measure  of  the  raw  dynamic  range  of  that  par- 
ticular parameter.  Other  measures  of  raw  performance  might  be  proposed,  such  as  non- 
matched  impedance  levels,  but  it  is  felt  that  no  other  definition  has  a  particular  advantage. 

Furthermore,  the  raw  dynamic  range  does  not  indicated  directly  the  dynamic  range 
of  the  corrected  VNA.  The  corrected  dynamic  range  of  the  VNA  will  typically  be  signifi- 
cantly greater  than  the  raw  dynamic  range.  The  exact  level  of  enhancement  by  calibration 
depends  on  the  accuracy  of  the  calibration,  the  stability  of  the  VNA,  and  other  conditions. 
However,  the  raw  performance  of  the  VNA  will  ultimately  influence  the  corrected  accu- 
racy of  the  VNA. 
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Figure  6-2.       Raw  measured  mixed-mode  s-parameters  of  a  pair  of  through  connections 
(coaxial)  between  ports  one  and  three,  and  ports  two  and  four.  Note  that 
scales  of  the  parameters  are  different. 


The  uncorrected  through  connection  data  are  shown  in  Figure  6-2.  The  through  is 
accomplished  by  connecting  the  mixed-mode  ports  together  with  coaxial  cables.  (Specifi- 
cally, ports  one  and  three  are  connected  together,  and  ports  two  and  four  are  connected, 
where  the  port  numbers  are  indicated  in  Figure  3-1)  The  figure  shows  \S2l\  and  15,  ,1  in  dB 
for  differential-to-differential  (dd),  common-mode-to-differential  (dc),  differential-to- 
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Figure  6-3.       Raw  measured  mixed-mode  s-parameters  of  matched  loads  (coaxial)  at  all 
ports.  Note  that  scales  of  the  parameters  are  different. 


common-mode  (cd)  and  common-mode-to-common-mode  (cc)  responses.  The  raw  data 
shows  a  return  loss  of  about  20  dB  from  1  GHz  to  2 1  GHz  for  the  dd  and  cc  responses, 
which  is  commensurate  with  the  raw  performance  of  a  standard  85 10  VNA.  The  raw  dd 
and  cc  transmission  show  typical  85 10  performance.  The  cd  and  dc  transmission  is  less 
than  -20  dB,  which  indicates  a  reasonably  low  level  of  imbalance  in  the  raw  system.  The 
uncorrected  mixed-mode  s-parameters  of  measured  matched  loads  is  shown  in  Figure  6-3. 
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Figure  6-4.       Raw  measured  four-port  s-parameters  of  a  pair  of  through  connections 
(coaxial)  between  ports  one  and  three,  and  ports  two  and  four.  Note  that 
scales  of  the  parameters  are  different. 


Examination  of  the  transmission  parameters  gives  an  indication  of  the  port-to-port  leak- 
age. The  measured  leakage  (whether  due  to  actual  leakage  or  to  the  noise  floor  of  the 
instrument)  can  be  considered  to  be  the  practical  limit  for  the  dynamic  range  of  the 
PMVNA.  Most  of  the  transmission  parameters  have  approximately  -1 10  dB  dynamic 
range.  This  range  can  be  extended  through  use  of  measurement  averaging,  which  reduces 
the  effects  of  random  noise.  These  measurement  were  made  with  1024  averages.  For  ref- 
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erence,  the  raw  four-port  s-parameter  data  of  the  throughs  and  matches  are  shown  in 
Figure  6-4  and  Figure  6-5,  respectively.  These  show  that  the  transformed  four-port  data 
also  have  good  dynamic  range.  These  and  other  raw  measurements  indicate  good  raw  sys- 
tem performance,  which  should  result  is  good  calibrated  performance. 
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Figure  6-5.       Raw  measured  four-port  s-parameters  of  matched  loads  (coaxial)  at  all 
ports.  Note  that  scales  of  the  parameters  are  different. 
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6.2.2.  PMVNA  Error  Model 

The  calibration  and  correction  of  linear  systematic  errors  must  be  pursued  only  in 
the  context  of  an  assumed  error  model.  The  error  model  dictates  the  which  errors  of  a 
VNA  will  be  admitted  to  consideration  and  correction.  For  many  years,  the  generally 
accepted  approach  to  a  VNA  error  model  has  been  to  propose  an  equivalent  error  model. 
In  such  a  model,  the  total  effect  of  all  linear  systematic  errors  (there  may  be  many  hun- 
dreds of  sources  of  error  in  a  VNA)  is  combined  into  a  simpler  set  of  equivalent  error 
terms  [42].  This  equivalent  error  model  may  have  only  a  few  error  terms,  but,  if  properly 
constructed,  it  exactly  reproduces  the  errors  in  the  VNA.  An  analogy  exists  between  this 
equivalent  error  model  and  a  Thevenin's  equivalent  network.  Just  as  a  simple  two  param- 
eter Thevenin's  equivalent  exists  for  a  linear  circuit  [22],  regardless  of  its  complexity,  so 
does  a  simple  equivalent  error  model  exists  for  a  complex  VNA  system  with  many  sources 
of  linear  errors.  A  more  direct  argument  can  be  drawn  from  signal  flow  graph  reduction 
techniques,  where  the  flow  graph  of  the  entire  VNA,  with  all  errors  included,  can  be 
reduced  to  a  small  set  of  equivalent  signal  paths  [23]. 

A  large  body  of  work  has  been  publish  in  the  literature  over  the  past  thirty  years  in 
the  area  of  VNA  calibration.  The  error  models  proposed  have  tended  to  become  more 
general,  but  the  question  of  the  number  of  appropriate  error  terms  and  the  number  and 
types  of  calibration  standards  has  been  the  subject  of  considerable  debate.  The  de  facto 
standard  in  VNA  calibration  for  the  past  fifteen  years  is  the  so-called  twelve-term  error 
model  for  the  two-port  VNA.  The  reason  for  its  prominence  is  primarily  due  to  its  use  in 
the  HP8510  VNA.  This  error  model  [43],  shown  for  reference  in  Figure  6-6,  is  actually 
two  independent  half  error  models,  one  for  forward  operation  of  the  test  set,  the  other  for 
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Figure  6-6.       Twelve-term  two-port  VNA  error  model. 

a)  Forward  error  model,  b)  Reverse  error  model. 


reverse.  This  error  model  is  typically  evaluated  through  a  calibration  procedure  known  as 
Through-Open-Short-Load  (TOSL)1.  It  can  also  be  adapted  to  more  sophisticated  calibra- 
tion techniques  [44]  such  as  Through-Line-Reflect  (TRL)  [45]  and  Line-Reflect-Match 
(LRM)  [46].  Although  not  considered  optimal  due  to  the  requirement  of  four  standards, 
the  twelve-term  error  model  is  well  adapted  to  treating  test-set  switching  errors,  since  each 
half  model  applied  to  only  one  port  selection  switch  position  (see  Section  6.2.4  for  more 
details  on  switching  errors).  One  limitation  of  the  twelve-term  error  model  is  it  treatment 
of  port-to-port  crosstalk.  The  error  model  assumes  that  only  two  error  terms,  £W  and  Erx, 


I.  Or  by  some  other  permutation  of  the  standard  names,  such  as  SOLT. 
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are  required  to  characterize  crosstalk  under  all  test  conditions.  This  assumption  has  been 
shown  to  be  inaccurate  under  certain  conditions  [47],  and  must  be  recognized  as  a  limita- 
tion of  this  error  model. 

The  calibration  and  correction  of  the  PMVNA  begins  by  adopting  an  error  model 
that  departs  from  the  traditional  twelve-terms  model.  Due  to  its  unique  architecture,  the 
PMVNA  required  a  very  general  error  model  for  accurate  calibration  development.  The 
model  used  is  the  generalized  error  model  for  an  n-port  network  analyzer,  including  all 
port-to-port  leakage  errors,  which  has  been  introduced  by  Speciale  [48],  The  error  model, 
shown  in  Figure  6-7,  employs  a  single  error  network  with  2n  ports,  and  the  error  network 
is  an  equivalent  representation  of  all  linear  systematic  errors.  The  error  network  is 
expressed  with  chaining  scattering  parameters,  called  t-parameters.  These  t-parameters 
are  mathematically  related  to  s-parameters,  and  they  have  the  property  where  the  resulting 
t-parameters  of  a  series  of  cascaded  networks  is  equal  to  the  matrix  product  of  the 
t-parameters  of  the  individual  networks  [23]  (similar  to  ABCD-parameters).  The  t-param- 
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Figure  6-7.       Generalized  error  model  for  the  n-port  VNA. 
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eters  are  typically  defined  only  for  two-port  networks,  so  a  definition  of  a  2n-port  t-matrix 
is  found  in  Appendix  H. 

All  linear  systematic  errors  in  the  PMVNA  can  be  represented  with  this  general- 
ized error  model,  where  n  is  equal  to  four.  In  the  case  of  the  PMVNA,  the  error  network  is 
a  mixed-mode  representation,  as  defined  in  Figure  3- 1 .  A  similarity  transform  relates  the 
error  matrices  of  the  two-port  PMVNA  and  the  standard  four-port  VNA  (see  Appendix  I), 
thus  the  applicability  of  the  error  model  of  Figure  6-7  is  assured.  Due  to  this  transforma- 
tion, the  calibration  theory  of  the  PMVNA  parallels  that  of  a  standard  four-port  VNA. 

Each  signal  path  in  the  error  network  represents  an  unknown  error  term.  The  error 
model  of  Figure  6-7  includes  all  possible  error  terms,  including  all  port-to-port  leakage 
paths.  For  a  n-port  VNA,  there  are  4n(n-l)  leakage  terms  out  of  a  total  of  (2n)2  error 
terms.  It  is  important  to  address  the  PMVNA  calibration  problem  in  the  most  general 
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terms,  but  there  are  some  simplifications  of  the  error  model  that  are  also  of  interest  where 
some  of  the  leakage  paths  are  neglected. 

One  useful  simplification  splits  the  measurement  ports  into  two  groups,  and 
neglects  all  error  terms  connecting  the  two  groups  while  preserving  all  error  terms  of  each 
group,  as  shown  in  Figure  6-8.  This  unique  simplification  arises  because  a  single  mixed- 
mode  port  is  comprised  of  two  single-ended  ports.  This  simplification  particularly  applies 
when  the  PMVNA  is  used  in  wafer-level  measurements.  Typically,  the  port-to-port  leak- 
age in  a  wafer-probe  system  must  be  neglected,  despite  the  fact  the  leakage  can  be  signifi- 
cant, since  the  leakage  is  a  strong  function  of  probe  placement  and  is  not  a  static  error. 
(Attempting  to  correct  for  leakage  between  probes  can  lead  to  significant  errors  in  cor- 
rected measurements  if  the  relative  position  of  the  probes  are  moved  after  calibration.)  As 
implemented  in  Chapter  4,  this  error  model  is  applicable,  as  each  PMVNA  wafer  probe 
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[35]  is  a  static  component  with  two  single-ended  probes.  This  error  model,  which  will  be 
called  the  half-leakage  model,  is  a  special  case  of  the  full  model.  With  the  half-leakage 
model,  there  is  a  total  of  2n2  error  terms  (note  that  n  must  be  even  for  this  model  to  apply). 
Another  useful  simplification  splits  the  measurement  ports  into  pairs,  and  neglects 
all  error  terms  connecting  the  two  groups  while  preserving  all  error  terms  of  each  pair,  as 
shown  in  Figure  6-9.  This  simplification  is  similar  to  the  half-isolation  model,  but  is  more 
appropriate  for  mixed-mode  measurements  with  more  than  two  mixed-mode  ports.  This 
simplifications  similarly  applies  when  the  PMVNA  is  used  in  wafer-level  measurements. 
This  error  model,  which  will  be  called  the  pair-leakage  model,  is  a  special  case  of  the  full 
model.  With  the  pair-leakage  model,  there  is  a  total  of  8n  error  terms  (note  that  n  must 
again  be  even  for  this  model  to  apply).  For  the  two  mixed-mode  ports  of  the  PMVNA,  the 
pair-leakage  and  the  half-leakage  models  are  identical. 
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The  second  simplification  of  the  error  model  neglects  all  leakage  between  ports. 
This  greatly  reduces  the  number  of  error  terms  in  the  model,  leading  to  a  simpler  calibra- 
tion problem.  This  simplified  error  model,  shown  in  Figure  6-10,  will  be  called  the  no- 
leakage  model.  The  no-leakage  model  can  be  applied  when  the  leakage  levels  in  the  mea- 
surement system  are  insignificant  (compared  to  the  DUT),  such  as  a  system  using  coaxial 
connector  measurement  interfaces.  Such  systems  have  significantly  less  crosstalk 
between  ports  than  wafer  probe  interfaces.  The  no-leakage  model  must  also  be  used  if 
none  of  the  leakage  errors  are  static,  such  as  with  independently  moving  wafer  probes. 
The  no-leakage  model,  also  a  special  case  of  the  full  model,  leaves  a  total  of  An  error 
terms. 
6.2.3.  Development  of  Calibration  Equation 

The  development  of  the  calibration  procedure  for  the  PMVNA  continues  with  the 
development  of  the  fundamental  relation  that  describes  the  calibration  problem.  This  so 
called  calibration  equation  describes  the  relationship  between  measured  s-parameters, 
actual  s-parameters,  and  error  terms.  A  general  formulation  of  the  calibration  has  been 
introduced  by  Speciale  [48],  and  this  section  will  initially  follow  this  published  work.  The 
development  will  start  with  variable  definitions  as  illustrated  in  Figure  6-1 1:  Sm  are  the 
measured  s-parameters  (with  linear  systematic  errors),  T£  (Sg)  are  the  t-parameters  (s- 
parameters)  of  the  error  network,  and  Sa  are  the  actual  (error-less)  s-parameters  of  a  DUT. 
Note  that  the  normalized  waves  have  been  expressed  as  n-dimensional  vectors,  as 
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described  in  Appendix  H.  As  further  explained  in  Appendix  H,  the  matrix  equation  for  TE 
may  be  expanded  in  terms  of  the  partitions 


b\   -  TElla2  +  TEI2fe2 
al   =  TE21a2  +  TE2262 


(6-1) 


where  TEi-.  are  the  four  n-by-n  partitions  of  TE,  and  a,  and  b,  are  the  n-dimensional  a  and 
i-wave  vectors,  respectively.  Similarly,  bu  =  Saa^,  but  from  Figure  6-1 1,  it  can  be  seen 
that«ia  =  &2  andfeia  =  a2>  so  02  =  Sabi-  By  substituting  this  last  expression  into  (6-1),  one 


finds 


~b\  =  (TEllSa+rB12)S2 


(6-2) 


ai  =  (rE21Sa  +  rE22)*2 
The  last  equation  can  be  re-arranged  to  find 

h  =  (rE215a  +  rE22)"  ~a\ 


(6-3) 
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Figure  6-11.     Vector  equivalent  of  generalized  error  model  for  the  n-port  VNA. 
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Combining  (6-4)  and  (6-2) 


51    =   (rEllSU  +  7'E12)(rE21Sfl  +  :rE22)"1«l  (6"5) 

However,  it  is  true  that  ij  =  Smaj,  so,  by  observation, 

S,„  =  (?'E.lS,  +  :rE12)(:rE21Sa  +  TE22)"1  <6"6) 

By  a  series  of  matrix  multiplications  and  inversions,  (6-6)  can  be  expressed  as 

TEUSa  +  TE\2-SmTE2\Sa-SmTE22  =  °  (6"7> 

This  equation  is  the  fundamental  relationship,  call  the  calibration  equation,  on  which  the 
PMVNA  calibration  will  be  developed. 

From  the  calibration  equation,  the  basic  concept  of  VNA  calibrations  can  be 
readily  observed.  By  measurement  (Sm)  of  known  devices  called  standards  (Sax),  the 
unknown  error  terms  (TE)  can  be  mathematically  found.  In  general,  VNA  calibrations 
require  the  application  of  multiple  calibration  standards.  Each  standard  is  measured  by  the 
VNA  (S„„),  and  the  actual  s-parameters  of  the  standards  are  assumed  to  be  known  (Saxi  for 
the  i-th  standard).  For  each  standard,  the  calibration  equation  (6-7)  applies.  In  terms  of  an 
«-port  VNA,  the  error  network  is  represented  by  a  2n-by-2n  unknown  network,  and  each 
s-parameter  matrix  is  an  n-by-n  matrix.  The  matrix  equation  (6-7)  can  be  expanded,  and 
the  resulting  scalar  equations  are  linear  in  the  elements  of  TE.  The  set  of  all  scalar  equa- 
tions can  then  be  re-written  as 

AE'tE  =  6  (6-8) 

where  tE  is  a  column  vector  comprised  of  the  elements  of  TE  [46,  47].  Given  that  m  differ- 
ent calibration  standards  are  applied,  the  coefficient  matrix,  AE,  has  dimensions  (m  «2)-by- 
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(2n)2,  and  f£has  dimensions  (2n)2-by-l.  The  mathematical  solution  of  (6-8)  now  becomes 

the  key  step  in  the  PMVNA  calibration  process. 

6,2,4.  Switching  Errors  and  Non-Pure  Mode  Generation 

The  development  of  the  calibration  equation  (6-7)  is  predicated  on  the  assumption 
that  the  error  model  remains  static  throughout  the  calibration  process  and  through  any  sub- 
sequent measurements.  Referring  to  Figure  4-4,  one  can  see  an  RF  switch  to  set  the  stim- 
ulus mode,  as  well  as  two  HP8517  test  sets,  where  each  test  set  uses  an  RF  switch  to  set 
forward  or  reverse  operation  [43].  By  means  of  these  three  switches,  the  PMVNA  has  four 
distinct  modes  of  operation:  differential  forward,  differential  reverse,  common-mode  for- 
ward, and  common-mode  reverse.  The  changing  of  the  switch  positions  violates  the  pri- 
mary assumption  of  the  error  model,  however.  By  changing  the  switch  positions,  the  error 
model  also  changes,  and  is  no  longer  static.  While  in  a  single  switch  state,  the  error  model 
is  static,  so  the  errors  caused  by  switches  are  called  quasi-static.  These  quasi-static  errors 
must  be  effectively  removed  before  the  error  model  from  the  previous  section  can  be 
applied  to  a  calibration. 

Another  issue  with  the  measurement  of  raw  mixed-mode  s-parameters  with  the 
PMVNA  is  imperfections  in  the  generation  of  a  pure-mode  stimulus.  As  shown  in 
Figure  4-5,  the  PMVNA  generates  the  differential  and  common-mode  stimuli  from  a  0°/ 
180°  hybrid  power  splitter.  It  has  been  shown  that  any  imbalances  in  the  splitter,  together 
with  any  phase  and  magnitude  imbalance  in  the  paths  of  the  HP8517  test  sets,  will  gener- 
ate a  spurious  mode  simultaneously  with  the  desired  mode  (see  Chapter  8).  These  imbal- 
ances can  cause  spurious  modes  of  significant  amplitude.  If  the  mode  imperfections  are 
neglected,  and  the  measured  response  of  a  device  to  be  attributed  to  the  nominal  mode 
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only,  then  significant  inconsistencies  can  occur  in  the  raw  mixed-mode  s-parameters.  For 
accurate  calculation  of  raw  mixed-mode  s-parameters,  any  imperfections  in  the  stimulus 
must  be  characterized.  Additionally,  the  changes  in  switch  positions  cause  changes  in  the 
amount  of  imbalance  in  the  stimuli.  Again,  these  switch  effects  also  violate  the  static 
requirement  of  the  error  model. 

The  removal  of  the  switching  effects  and  the  stimulus  imbalance  can  be  achieved 
through  the  application  of  all  eight  samplers  in  the  PMVNA.  This  approach  is  an  exten- 
sion of  two-port  VNA  techniques  [44].  The  traditional  model  for  the  effects  of  imperfect 
switches  is  shown  in  Figure  6-12  for  a  two-port  VNA.  The  model  assumes  that  all  system- 
atic errors  have  been  represented  in  the  error  network,  so  the  directional  couplers  can  be 
considered  to  be  ideal,  or  error-free.  The  switch  is  typically  said  to  have  some  non- 
matched  terminating  impedance,  causing  it  to  be  non-ideal.  By  measuring  aj,  a2>  b\,  and 
b2  with  the  four  down-mixers  of  the  test-sets  at  both  switch  positions,  the  raw  s-parame- 
ters can  be  calculated.  Traditionally,  this  approach  of  using  all  four  down-mixer  measure- 
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merits  is  only  used  during  certain  steps  in  a  TRL  or  LRM  calibration.  After  the  calibration 
is  complete,  the  TRL/LRM  error  coefficients  are  translated  to  the  traditional  twelve-port 
error  model  [49]  of  Figure  6-6.  With  this  approach,  only  three  down-mixers  are  used  dur- 
ing DUT  measurements  (alt  by,  b2  for  forward  and  a2,  by,  b2  for  reverse). 

The  PMVNA,  as  illustrated  in  Figure  4-3,  is  equipped  with  two  HP8517A  test  sets, 
each  having  four  down-mixers,  for  a  total  of  eight  down-mixers.  A  generalized  model  for 
all  switching  errors  and  imbalance  errors  is  shown  in  Figure  6-13.  This  model  can  be  used 
to  model  any  systematic  errors  that  change  as  a  function  of  switch  selection.  By  using 
measurements  at  all  samplers  for  each  switch  position,  the  effects  of  both  switching  errors 
and  mode  imbalance  can  be  removed  from  the  measured  s-parameters.  Collecting  all  a 
and  b  data  into  matrices 


A  = 


DF  DR  CF  CR 
I,  a,   a,  a, 

DF  DR  CF  CR 


DF  DR  CF  CR 
a-,     a~,     a-,     a-. 


DF  DR  CF  CR 
Qa     Ha      aA     aA 


B  = 


,DF  ,DR  ,CF  ,CR 
h\      b\       b\      h\ 

,  DF  ,  DR  ,  CF  ,  CR 

b2     b2     b2     b2 

,  DF  ,DR  ,CF  ,  CR 

O,   D-,        Or,       D-, 

,  DF  ,DR  ,CF  ,  CR 

b4     b4     b4     b4 


(6-9) 


where  the  superscript  indicates  differential  (D)  or  common-mode  (C)  drive  and  forward 
(F)  or  reverse  (R)  drive,  and  the  subscripts  indicate  port  number  (1,  2,  3,  4).  Expressed 
with  the  vector  notation  of  Appendix  H,  (6-9)  becomes 

A  =   [«DF  aDR  aCF  «CR]  B  =   [fcDF  bm  bCF  fcCR]  (6-'°) 


With  these  matrices,  the  raw  s-parameters  can  be  calculated  as 

S_  =  BA1 


(6-11) 
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Equation  (6-11)  is  the  solution  to  a  system  of  sixteen  equations  with  the  sixteen 
raw  s-parameters  as  unknowns,  through  which  the  raw  s-parameters  of  the  DUT  are  sepa- 
rated from  the  effects  of  the  imperfect  switches  and  imperfect  stimulus  generation.  By 
applying  this  approach  to  every  calibration  standard  measurement,  a  single  static  error 
model  can  be  applied,  and  the  calibration  equation  (6-7)  can  be  used.  Additionally,  all 
subsequent  DUT  measurements  are  also  made  using  equations  (6-9)  and  (6-1 1). 
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6,2.5.  Solution  of  the  Calibration  Problem 

The  construction  of  the  calibration  equation  (6-8),  and  its  subsequent  solution,  are 
the  heart  of  calibration  process.  The  conditions  under  which  a  solution  to  (6-8)  can  be 
found  will  first  be  presented  in  terms  of  a  general  n-port  problem.  These  conclusions  will 
then  be  applied  to  the  calibration  of  the  PMVNA. 

There  has  been  a  variety  of  statements  made  in  the  literature  about  the  minimum 
number  of  standards  required  for  a  calibration  of  a  VNA.  In  the  original  presentation  of 
the  general  n-port  error  model,  it  is  said  that  only  three  n-port  standards  are  required  to 
solve  all  error  terms,  including  all  leakage  terms  [48],  but  is  later  changed  to  five  [50],  In 
1991 ,  the  minimum  number  is  stated  as  four  standards  required  to  solve  the  general  error 
model  with  (apparently)  all  leakage  paths  on  a  two-port  VNA  [47].  Many  other  calibra- 
tion techniques  for  VNAs  with  two,  three  and  four  ports  have  been  published  in  the  last 
decade  with  a  the  number  of  standards  use  varying  from  three  to  ten  [5 1  -  53].  This  sec- 
tion attempts  to  resolve  the  ambiguity  surrounding  the  number  of  standards  required  for  a 
solution  to  the  calibration  equation. 

For  purposes  of  this  examination,  a  solution  is  valid  for  calibration  only  if  it  is 
unique  within  one  arbitrary  scalar.  That  is,  if  ts  is  a  valid  solution  vector  of  (6-8),  then  the 
only  other  solution  vectors  that  exist  are  ats,  where  a  is  any  complex  scalar.  In  other 
words,  the  Null-space  of  AE  must  be  of  dimension  one  [31].  For  ease,  this  type  of  solution 
will  be  called  an  ordinary  solution.  Furthermore,  this  section  will  consider  only  the  gen- 
eral error  model  of  Figure  6-7,  with  all  leakage  paths  included,  and  the  three  special  cases 
illustrated  in  Figure  6-8  to  Figure  6-10.  For  an  n-port  calibration,  a  single  standard  will  be 
considered  to  always  have  n-ports,  regardless  of  actual  construction  of  the  physical  stan- 


129 

dard.  For  example,  an  n-port  match  standard  may  be  constructed  of  a  group  of  n  indepen- 
dent one-port  match  loads,  but  for  purposes  of  discussion  the  group  will  be  considered  as  a 
single  standard.  Due  to  the  special  cases  of  the  error  models,  calibration  standards  will  be 
considered  to  be  either  a  reflection  standard  or  a  full  standard.  A  reflection  standard  is 
defined  as  a  group  of  n  one-port  reflection  standards  (such  as  the  n-port  match  example 
above);  a  full  standard  is  defined  to  have  transmission  between  at  least  two  ports.  For  the 
genera]  error  model,  both  types  of  standards  are  treated  the  same,  but  in  the  case  of  the 
half-leakage,  pair-leakage  or  no-leakage  models,  the  reflection  standards  generate  fewer 
sets  of  measurement  data  (hence,  fewer  equations)  than  the  full  standards. 

The  determination  of  the  number  of  required  standards  for  calibration  is  based  on 
consideration  of  the  rank  of  the  coefficient  matrix,  AE.  For  an  ordinary  solution  to  (6-8), 
matrix  Ag  must  have  a  rank  of  exactly  (2n)  -1 .  Recall  that  with  m  standards,  Ag  has 
dimensions  (m  n  )-by-(2n)  .  For  the  full  error  model,  each  standard  generates  n   equa- 
tions. It  has  been  found  that  Ag  will  have  rank  of  exactly  (2n)  -1  only  with  five  or  more 
»-port  standards.  This  means  that  5n  equations  are  generated  for  the  solution  of  4n2  error 
terms,  so  the  system  of  equations  (6-8)  is  over-determined.  (The  over-determined  nature 
of  the  system  of  equations  can  be  used  to  reduce  the  number  of  known  s-parameters  of 
Sax,  which  can  give  significant  accuracy  advantages.)  Furthermore,  with  four  standards 
the  matrix  AE  is  square  (same  number  of  equations  and  error  terms),  but  the  rank  of  AE  is 
4n  -n.  Similar  conclusions  can  be  made  about  the  special  cases  of  half-leakage,  pair-leak- 
age and  no-leakage  models.  All  conclusions  are  summarized  in  Table  6- 1 . 
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Table  6-1.      Calibration  summary. 


Error 
Model 
Type 

Number  of 
Unknowns 

Eqns  from  Stds 

Min.  Std  w/  Square  Ag 

Min.  Stds 

for 
Ordinary 
Solution 

Full 

Reflect 

No.  Std 

Rank(A£) 

Full-leakage 

4n2 

n2 

n2 

4 

4n2-n 

5 

Half-leakage 

(n  even) 

2n2 

n2 

n2/2 

2 

2n2-n 

3 

Pair- leakage 
(n  even) 

8n 

n2 

2n 

depends 
on  n 

depends 
on  n 

depends 
on  n 

No-leakage 

4n 

n2 

n 

depends 
on  n 

depends 
onn 

depends 
onn 

Conclusions  about  the  pair-leakage  and  no-leakage  model  are  not  as  general,  since 
the  minimum  number  of  required  standards  depends  on  the  number  of  ports,  n.  For  exam- 
ple, with  the  no-leakage  model,  if  n  is  four  (as  for  the  PMVNA)  at  least  two  full  standards 
are  required  for  rank  of  4n  -  1  =  15.  This  is  again  over-determined,  with  one  full  standard 
giving  a  square  AE  matrix  with  rank  of  fourteen.  In  contrast,  if  n  equals  two,  at  least  three 
standards  are  required  (for  example:  LRM  [46]  and  TRL  [45]). 

These  properties  have  been  found  through  the  use  of  numerical  simulations.  The 
simulations  have  been  performed  with  a  program  written  in  Mathematica  [54].  The  pro- 
gram allows  generation  of  a  coefficient  matrix,  AE,  based  on  postulated  error  terms  and 
calibration  standards,  for  any  number  of  ports,  standards,  and  leakage  model.  With  ran- 
domly generated  error  terms  and  calibration  standards  (for  n=2,  3,  4  and  5),  the  previous 
conclusions  about  rc-port  calibrations  have  been  found  inductively.  For  more  information 
about  this  process,  see  Appendix  J. 


131 

Of  course,  the  rank  of  the  coefficient  matrix,  AE,  is  affected  by  the  type  of  each 
standard  used  in  calibration.  It  has  been  found  that  at  least  one  of  the  standards  must  be 
constructed  so  that  at  least  n- 1  non-zero  transfer  functions  exist  between  its  ports.  In  other 
words,  such  a  standard  interconnects  all  of  the  VNA's  measurement  ports  simultaneously. 
Hence,  this  standard  will  be  called  a  generalized  through  standard.  It  is  important  to  note 
that  the  generalized  through  does  not  necessarily  provide  low  loss  interconnection 
between  the  ports.  Without  a  generalized  through  standard  as  one  of  the  minimal  set  of 
standards,  the  rank  of  the  coefficient  matrix  will  not  be  sufficient  for  an  ordinary  solution 
to  the  calibration  equation. 

As  its  name  implies,  the  generalized  through  is  a  generalization  of  the  through 
standard  of  two-port  VNA  calibrations.  For  a  two-port  VNA,  the  through  provides  trans- 
fer between  all  ports.  However,  with  more  than  two  ports,  the  generalized  through  stan- 
dard is  less  familiar.  It  can  be  shown  that  one  or  more  two-port  through,  used  as  a  single 
n-port  standard,  is  not  sufficient  for  an  ordinary  solution  to  (6-8).  Furthermore,  use  of 
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Figure  6-14.     Preferred  embodiment  of  n-port  generalized  through  standard. 
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multiple  pairs  of  throughs,  each  connecting  different  ports,  will  not  provide  sufficient  rank 
in  AE  for  an  ordinary  solution. 

With  three  or  more  ports,  the  implementation  of  a  generalized  through  standard  is 
no  longer  straight  forward.  The  suggested  implementation  of  a  complete  n-port  standard 
is  shown  in  Figure  6-14.  This  network  provides  the  required  connections  between  all 
measurement  ports.  This  type  of  network  will  be  called  a  star  network.  The  star  network 
is  particularly  practical  to  implement  for  wafer-probe  standards  (See  Section  6.2.7).  By 
isolating  the  ground  connection  of  the  network,  the  value  of  each  resistor  can  be  measured 
directly  with  a  two  terminal  Ohmmeter.  This  property  is  important  during  fabrication  of 
star  standards  when  trimming  individual  resistors  is  necessary. 
6.2.6.  Coaxial  Calibration  Standards 

The  PMVNA  calibration  has  been  implemented  with  the  application  of  the  above 
conclusions  about  general  VNA  calibrations.  With  n  being  four,  the  PMVNA  calibration 
standards  can  be  defined  in  physical  terms.  For  this  section,  calibration  standards  with 
3.5mm  coaxial  connectors  are  used.  Five  standards  are  combined  to  create  the  calibration 
kit:  (1)  a  four-port  match  (four  50Q  loads),  (2)  a  four-port  short  (four  offset  shorts),  (3)  a 
four-port  open  (four  offset  opens),  (4)  a  pair  of  zero-length  through  lines  (by  connecting 
test  cable  of  ports  one  to  three  and  two  to  four),  and  (5)  a  four-port  resistive  star  network 
as  the  generalized  through.  The  star  network  is  constructed  from  two  resistive  power 
dividers  [55]  connected  as  shown  in  Figure  6-15. 

To  use  the  star  network  as  a  calibration  standard,  its  s-parameters  must  be  accu- 
rately known.  The  star  network,  as  shown  in  Figure  6-15,  has  been  characterized  through 
a  series  of  two-port  s-parameter  measurements,  with  the  unused  ports  terminated  with 
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50Q  loads.  By  making  six  two-port  measurements,  all  of  the  four-port  s-parameters  of  the 
star  network  can  be  found.  For  this  process,  the  VNA  (operated  as  a  standard  two-port 
VNA)  is  calibrated  with  the  Hewlett-Packard  85052B  precision  3.5mm  calibration  kit  [56] 
using  the  Through-Short-Open-Load  (TOSL)  technique  with  sliding  loads.  When  making 
the  two-port  measurements  of  the  star  network,  the  remaining  ports  are  terminated  with 
the  50Q  loads  from  the  85052B  kit,  and  these  are  assumed  to  be  perfect  matched  loads. 
These  loads  have  return  loss  of  no  less  than  35dB,  and  this  assumption  limits  the  accuracy 
of  the  four-port  s-parameters  of  the  star  network.  There  are  published  methods  that  can 
remove  this  assumption  [57],  but  for  this  work  the  assumption  of  perfect  matched  loads  is 
reasonable. 

Traditionally,  calibration  standards  are  modeled  by  simple  equivalent  circuits  with 
a  small  set  of  parameters  which  allow  calculation  of  the  standards'  s-parameters  at  any 
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Figure  6-15.     Schematic  of  coaxial  star  network  standard. 
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frequency.  The  star  network  has  more  complex  behavior  than  traditional  standards,  and 
accurate  modeling  would  require  a  complex  equivalent  circuit  with  many  parameters.  To 
avoid  this  difficulty,  interpolation  between  measured  s-parameters  is  used  to  generate  the 
star  network's  s-parameters  at  an  arbitrary  frequency  point.  The  interpolation  is  done 
through  a  tenth  order  polynomial  fit,  over  a  range  of  nine  frequency  points  about  the 
desired  frequency,  for  the  real  and  imaginary  parts  of  each  s-parameter.  This  interpolation 
process  is  implemented  in  LabVIEW,  and  represents  a  useful  general  capability  for  cali- 
brations that  allows  a  simple  means  to  incorporate  non-traditional  standards. 

The  remaining  standards  are  treated  with  traditional  models  [43].  The  calibration 
parameters  of  the  shorts  and  opens  used  for  the  PMVNA  calibration  are  provided  by  the 
manufacturer  [58,  59].  With  the  published  parameters,  theoretical  s-parameters  (Sax)  of 
the  short  and  open  can  be  calculated.  The  through-lines  are  assumed  perfect  zero-length 
throughs,  and  the  Sax  is  defined  accordingly.  The  Sax  of  the  star  network  is  generated 
through  interpolation  as  described  above.  The  50ii  load  Sax  is  also  generated  through 
interpolation  of  measurements  of  the  load  standards  done  with  sliding  load  calibrations. 
6.2.7.  On-Wafer  Calibration  Standards 

Calibration  standards  for  the  PMVNA  have  also  been  constructed  for  on-wafer 
measurements.  These  standards  have  been  designed  so  the  plane  of  calibration  is  the 
wafer  probe  tips.  The  standards  are  thin-film  metal-on-ceramic  structures,  and  two  ver- 
sions have  been  designed  and  fabricated,  one  for  150|xm  pitch  probes,  and  another  for 
500|im  pitch  probes.  Both  have  been  fabricated  with  thin-film  gold  (4u.m  thick  +/- 
0.25|lm)  on  a  polished  alumina  substrate  (Er  =  9.9,  tan8  ~  0.001 ).  The  resistive  layer  is  a 
nickel-chrome  (NiCr)  metal  approximately  400A  thick,  with  a  sheet  resistance  of  about  40 
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Q/square.  After  fabrication,  the  resistors  were  tuned  to  the  desired  DC  values  (+/-  0. 1  %) 
with  a  laser.  All  photo-masks  required  for  fabrication  have  been  generated  in  the  Univer- 
sity of  Florida  Microelectronics  Laboratory,  and  all  fabrication  has  been  done  in  the 
Motorola  Thin-Film  Research  Laboratory  in  Plantation,  Florida. 

In  accordance  with  Section  6.2.5,  five  types  of  standards  have  been  fabricated:  (1) 
a  four-port  match  (four  50£2  loads),  (2)  a  four-port  short  (four  offset  shorts),  (3)  a  four- 
port  open  (four  offset  opens),  (4)  a  pair  of  zero-length  through  lines  (by  connecting  test 
cable  of  ports  one  to  three  and  two  to  four),  and  (5)  a  four-port  resistive  star  network  as  the 
generalized  through.  The  layouts  of  the  150nm  pitch  standards  are  shown  in  Figure  6-16 
to  Figure  6-20. 
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Figure  6-16.     Physical  layout  of  150|im  pitch  four-port  match  standard. 
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Figure  6-17.     Physical  layout  of  150|im  pitch  four-port  short  standard. 


GND 


Mixed-Mode 
Port  1       GND 


GND 


GND 


3 

Mixed-Mode 
I   GND      Port  2 


GND 


Figure  6-18.     Physical  layout  of  1 50|lm  pitch  four-port  open  standard. 
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Figure  6-19.     Physical  layout  of  150|lm  pitch  pair-of-throughs  standard. 
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Figure  6-20.     Physical  layout  of  1 50u.m  pitch  four-port  star  standard. 
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For  both  sets  of  on-wafer  calibration  standards,  the  theoretical  s-parameters  (Sax) 
are  calculated  by  electromagnetic  simulation.  The  simulator  used  is  Hewlett-Packard's 
Momentum  [40].  The  simulations  assumed  a  substrate  with  a  relative  dielectric  constant  of 
9.9  and  a  loss  tangent  of  0.001 .  The  gold  was  assumed  to  be  4\lm  thick  with  a  conductiv- 
ity of  5.8xl07  S/m.  The  resistive  layers  were  assumed  to  be  infinitely  thin  resistor  mate- 
rial with  a  defined  sheet  resistance  of  the  nominal  design  value  of  50fl/square.  After 
simulation,  the  resulting  s-parameters  have  been  used  to  generate  the  theoretical  s-param- 
eters of  the  calibration  standards,  Sav,  through  the  interpolation  process  described  in 
Section  6.2.6. 

The  star  standard  of  Figure  6-20  has  special  usefulness  in  the  calibration  of  a 
PMVNA.  This  standard  can  help  enhance  the  accuracy  of  the  sensitive  mode-conversion 
parameters.  Theoretically,  the  accuracy  of  a  calibration  is  limited  by  the  accuracy  to 
which  the  standards  are  known.  However,  due  to  noise,  repeatability  limitations,  and 
numerical  and/or  measurement  dynamic  range  limitations,  the  accuracy  of  a  calibration  is 
greatest  in  the  neighborhood  of  the  standards.  In  other  words,  a  corrected  DUT  measure- 
ment will  have  greatest  accuracy  if  its  response  is  nearly  that  of  at  least  one  of  the  stan- 
dards. PMVNA  can  measure  the  conversion  between  modes,  such  as  differential-to- 
common-mode  conversion.  Different  devices  can  have  dramatically  different  levels  of 
mode  conversion,  making  accurate  error  correction  difficult  for  the  mode  conversion 
responses. 
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Figure  6-2 1 .     Possible  embodiment  of  mode  conversion  standard. 

The  basic  advantage  of  the  star  standard  is  that  it  allows  the  design  of  calibration 
standards  with  specified  amount  of  mode-conversion.  The  basic  network  for  this  standard 
is  the  four-port  resistive  star,  and  its  circuit  diagram  is  given  in  Figure  6-21. 

By  choosing  the  appropriate  values  of  the  resistors  in  the  star  network,  the  mode- 
conversion  parameters  of  the  network  can  be  varied  over  a  wide  range.  Practical  imple- 
mentations of  this  standard  have  been  able  to  reliably  achieve  mode-conversion  magni- 
tudes from  -6  dB  to  less  than  -80  dB. 

6.3.  Phase  Offset  Pre-Ca libration 


A  unique  aspect  of  the  PMVNA  as  implemented  for  this  work  is  the  unknown 
phase  relationship  between  the  VCOs  in  the  two  test-sets,  as  described  in  Section  4.2.2. 
The  phase  offset  between  the  test-sets  is  not  a  systematic  error  in  the  strict  sense  because  it 
changes  as  the  RF  switch  positions  change.  Furthermore,  direct  application  of  switching 
error  models,  such  as  Figure  6-13,  are  insufficient  to  overcome  the  problem  of  an 
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unknown  phase  relation  between  the  VCOs.  Use  of  (6-9)  and  (6-11)  with  the  raw  a  and  b 
data  from  implemented  PMVNA  results  in  incorrect  calculation  of  the  raw  s-parameters. 
This  is  due  to  the  fact  that  there  is  an  unknown  phase  offset  between  the  data  from  test-set 
A  and  test-set  B  for  each  set  of  RF  switch  positions. 

However,  the  phase  offset  relationship  can  be  characterized  and  corrected.  The 
process  operates  on  the  raw  a  and  b  data  from  both  test-sets,  and  is  independent  of  the  pri- 
mary calibration  process.  Furthermore,  the  phase  offset  correction  must  be  applied  to  all  a 
and  b  data  in  the  primary  calibration.  For  these  reasons,  the  phase  offset  calibration  pro- 
cess is  called  a  pre-calibration  procedure. 

The  phase  offset  between  the  test  sets  is  actually  a  function  of  s-parameters  of  the 
DUT.  As  a  result,  the  phase  offset  pre-calibration  is  broken  into  two  steps.  The  first  step 
calculates  the  phase  offset  for  each  of  several  so  called  offset  standards.  The  second  step 
uses  these  results  to  calculate  the  parameters  that  will  describe  the  phase  offset  of  an  arbi- 
trary DUT. 
6.3.1.  Phase  Offset  Standards 

A  phase  offset  standard  is  a  device  that  is  measured  to  allow  calculation  of  the  test- 
set  phase  offsets.  It  is  significantly  different  from  the  type  of  standards  used  in  the  pri- 
mary calibration,  in  that  its  actual  s-parameters  do  not  need  to  be  known.  The  offset  stan- 
dard does  have  some  restrictions  in  its  general  characteristics,  as  will  be  discussed. 
Conceptually,  a  offset  standard  is  a  device  that  allows  one  test-set  to  measure  the  response 
of  the  other  test-set. 
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6.3.1,1,  First  Principles 

The  entire  phase  offset  pre-calibration  is  based  upon  two  observations  about  the 
PMVNA  as  implemented  in  Figure  4-3.  The  first  of  these  is  that,  for  a  particular  PMVNA 
test-set  RF  switch  configuration,  the  phase  offset  is  highly  repeatable.  This  means  that, 
for  example,  when  PMVNA  is  switched  into  differential-forward  (DF)  mode,  the  phase 
offset  between  the  VCO  in  test-set  A  and  that  of  test-set  B  is  always  the  same  within  a 
high  degree  of  accuracy  (as  long  as  the  DUT  remains  unchanged). 

The  second  important  observation  is  that  the  PMVNA  test  set  has  four  additional 
RF  switch  configurations  that  have  not  been  used  to  this  point.  Referring  to  Figure  4-4, 
one  can  see  there  are  three  independent  RF  switches  (SW1,  SWA  and  SWB)  each  having 
two  positions,  giving  a  total  of  eight  possible  switch  configurations.  Four  of  these  posi- 
tions represent  the  fundamental  operation  of  the  PMVNA  (i.  e.  DF,  DR,  CF,  and  CR).  The 
remaining  four  positions  are  not  used  in  the  normal  PMVNA  operation,  and  together  these 
positions  are  called  secondary  operation. 

Measuring  a  device  (in  this  case  a  offset  standard)  in  both  the  fundamental  and 
secondary  modes  should  give  the  same  set  of  four-port  (or  mixed-mode)  s-parameters, 
within  the  dynamic  range  of  the  PMVNA.  Symbolically, 

Sm/  =  Smj  (6-12) 

where  Smt  is  the  raw  s-parameters  measured  under  fundamental  operation,  and  Sms  is  the 
raw  s-parameters  measured  under  secondary  operation.  This  equality  holds  only  if  the 
data  from  the  eight  down-mixers  of  the  PMVNA  have  no  relative  phase  offset.  Therefore, 
equation  (6-12)  can  be  used  to  calculate  any  unknown  phase  offsets.  This  important 
approach,  based  on  (6-12),  shall  be  called  the  principle  of  equality  of  operation.  It  is 
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important  to  note  that  (6-12)  contains  only  raw  uncorrected  s-parameters;  this  allows  the 
offset  pre-calibration  to  be  performed  independently  of  the  primary  calibration  as  the  error 
terms  of  the  PMVNA  do  not  need  to  be  known. 
6.3.1.2.  Offset  Model 

The  VCO  in  a  85 17  test-set  phase-locks  to  a  particular  phase  point  on  the  RF  sig- 
nal input  (see  Figure  4-4).  For  example,  if  the  PMVNA  is  in  DF  mode,  where  ports  one 

DF 
and  three  are  driven  1 80°  out  of  phase,  the  VCO  in  test-set  A  is  phase-locked  to  a .    .  The 

DF 

down-mixed  «j     data  will  always  have  a  phase  that  corresponds  to  a  particular  phase  of 

the  RF  a .     signal.  For  example,  if  the  VCO  is  locked  to  a  t    ,  then  the  0°  point  of  the 
down-mixed  data  will  always  correspond  to  the  same  phase  point  of  the  RF  signal,  say  0°. 
The  actual  phase  points  are  arbitrary,  but  the  correspondence  always  holds.  The  two  test- 
sets  will  lock  to  their  appropriate  phase  points,  and  their  sampled  data  will  indicate  a  fixed 

DF  DF 

phase  difference  between  the  two  drive  signals  (ctj     and  a2     for  this  example),  regard- 
less of  the  actual  phase  difference  between  them. 

Before  proceeding,  a  mathematical  model  of  the  phase  offset  must  be  established. 
The  simplest  way  of  describing  such  an  offset  is  by  stating  that,  for  a  given  measured  a  or 
fe-wave,  the  actual  quantity  is  equal  to  the  measured  quantity  multiplied  by  an  unknown 
complex  scalar.  For  example 

DF         DF  DF  .,  ... 

a\c    =  a\mx\  <6"13) 

where  the  subscript  c  indicates  the  corrected  quantity,  and  m  indicates  the  measured  quan- 
tity. The  model  of  (6-13)  allows  both  a  phase  and  magnitude  offset,  but  actual  offsets 
found  from  measured  data  (as  will  be  describe  later)  have  unity  magnitudes.  In  general 
the  A  matrix  becomes 
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DF  DF     DR   DR     CF  CF     CR  CR 


a,    x,     a 


a,   x,     a.    x, 


I  .4,  .  (  i    |  .1    I  III         .  V    I  ( (    I  1    1 

DF  DF     DR  DR     CF  CF     CR  CR 

(X'\    X^       CI')     Xn       Clrt    X'j      Ct--\     X' 


2   A2 


J2    A2 


DF   DF     DR   DR     CF   CF     CR   CR 


a3    Xj     a, 


*3 


a-,    x. 


(6-14) 


DF   DF     DR    DR     CF   CF     CR    CR 

a4   x4     aA    x4     a4   x4     a4    xA 

This  can  be  simplified  with  the  use  of  the  Haddamard  matrix  product  [61]  (also  known  as 
the  entry-wise  product) 

Ac  =  Am.X  (6-15) 

where 

DF     DR     CF     CR 

cl      x\      x\     x\ 


X  = 


DF     DR     CF     CR 


DF     DR     CF     CR 


DF     DR     CF     CR 


(6-16) 


No  assumptions  have  been  made  at  this  point  as  to  which  aox  b  data  have  actual  phase  off- 
sets. If  no  offset  exists,  the  corresponding  offset  variable,  x,  will  be  unity.  Similar  expres- 
sions can  be  stated  for  the  b  data 

Bc  =  Bm*X  (6-17) 

Applying  (6-15)  and  (6-17)  to  the  equality  of  operation  equation  (6-12),  and  re-arranging 
one  finds 


<«.. 


"!-<*w"Xf)CA,« •*,)"'   «« 


(6-18) 


where  Ay  and  Xs  are  the  phase  offset  matrices  for  the  fundamental  and  secondary  modes  of 
operation,  respectively.  In  general,  the  matrices  are  not  equal. 
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By  solving  equation  (6-18)  for  X- and  Xs,  the  phase  offsets  for  each  a  and  fe-wave 
can  be  found.  However,  the  solution  of  this  equation  is  not  easily  found,  as  it  is  non-linear 
in  the  elements  of  Xi  and  Xs.  For  this  reason,  the  approach  presented  above  has  been  mod- 
ified to  allow  a  simpler  solution  to  the  problem.  This  modified  approach  is  presented  in 
the  next  section. 
6.3. 1 .3.  Modified  T-Matrix  Solution 

The  enabling  simplification  begins  with  the  observation  that  a  single  test-set  has 
no  phase  offset  between  its  corresponding  a  and  b  data.  For  example,  a\DF  and  a-iDF  have 
no  phase  offset  since  they  are  measured  by  the  same  test-set.  By  using  this  fact,  together 
with  the  concept  of  t-parameters,  (6-18)  can  be  restated  as  a  linear  equation. 

Grouping  ports  one  and  three  as  a  pair  and  two  and  four  as  another,  a  new  T-matrix 
can  be  defined  in  a  similar  fashion  as  in  Appendix  H.  The  new  T-matrix  can  be  developed 
by  considering  an  arbitrary  four-port  matrix,  where  the  a-  and  b- waves  are  related  by 


su  sn  sn  su 


s2\  sTl  srb  ^24 


*31  *32  *33  *34 


$A  i    S A->  $A?  Sa 


(6-19) 


•Ml  J42  J43  •>44_ 

The  column  of  fc-waves  is  the  "output"  vector,  and  the  column  of  a-waves  is  the  "input" 
vector.  By  re-arranging  the  a-  and  fc-waves,  a  new  set  of  "input"  and  "output"  vectors  are 
defined  as 


(6-20) 
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where  the  primed  quantities  denote  the  new  port  grouping  (in  contrast  to  that  described  in 
Appendix  H  which  is  used  throughout  the  primary  calibration).  The  new  T-matrix  equa- 
tion becomes 

v'  =  Tu'  (6-21) 

The  new  T-matrix,  7"  ,  can  be  expressed  in  terms  of  the  original  s-parameters  of  the  net- 
work, but  the  actual  s-parameters  are  not  of  interest.  In  a  similar  fashion  as  the  A  and  B 
matrices,  one  can  define 


py  = 


DF     DR     CF     CR 
a,     a,     a,     a. 


DF     DR     CF     CR 
a-,     a-i     a-,     a-. 


,DF  ,DR  ,CF  ,CR 
b\      b\      b\     h\ 

,DF  ,DR  ,CF  ,CR 
Oj     Oj      o3     o3 


or,  more  simply 

U'f  =     -DF  ",DR  -,CF  -,CR 
7        [u        u         u        »      J 


/ 


Vf  = 


,DF  ,DR  ,CF  ,CR 
t?2     "2        2       2 

,  DF  ,  DR  ,CF  ,  CR 
b4    b4     b4    b4 

DF     DR     CF     CR 

fl2     a2      a2     a2 

DF     DR     CF     CR 

a.     a.     a.     aA 


(6-22) 


Vf  =  [v'DF  v'DR  v'CF  v'CRl  I  <6"23) 


In  these  matrices,  the  subscript/denotes  fundamental  operation  of  the  PMVNA.  For  sec- 
ondary Vs  and  Vs  similarly  defined  (but  have  different  numerical  values).  The  full 
matrix  expressions  of  (6-21)  are 

Vf  =  T'fVf         Vs  =  TSU\  (6-24) 

The  phase  offset  in  the  measured  a  and  b  data  can  treated  in  the  same  fashion  as  the  previ- 
ous section.  The  phase-corrected  a  and  b  data  can  be  expressed  as 


146 
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a\    X\ 
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1  *1 


'I  *1 


'1  *l 


DF  DF  DR  DR  CF  CF  CR  CR 


,DF  DF  ,DR  DR  .  CF  CF  ,CR  CR 
,DF  DF  ,DR  DR  ,  CF  CF  ,  CR  CR 


(6-25) 


V 


cf 


,  DF  DF  DR  DR  ,  CF  CF  ,  CR  CR 

,DF  DF  ,DR  DR  ,  CF  CF  ,  CR  CR 

»4  *4  »4  *4   04  *4  bA    x4 

DF  DF  DR  DR  CF  CF  CR  CR 


DF  DF  DR  DR  CF  CF  CR  CR 


(6-26) 


or  more  compactly 


IT 


cf 


U'mfX\f 


Vef=  VV*V 


where  the  A"  ^  and  X2r  are  the  new  offset  matrices,  and  are  defined  as 


(6-27) 


DF     DR     CF     CR 
c\      x\      x\      x\ 
DF     DR     CF     CR 


DF     DR     CF     CR 


DF     DR     CF     CR 


X'2f  - 


f 


DF     DR     CF     CR 

lr\  Jlr\  X^  A^ 

DF     DR     CF     CR 

^4     x4      x4     x4 

DF     DR     CF     CR 


DF     DR     CF     CR 


f 


(6-28) 


Notice  that  X\f  contains  only  phase  terms  from  test-set  A,  and  X'2f  contains  only  phase 
terms  from  test-set  B.  In  a  given  configuration  (e.  g.  fundamental  DF),  the  relative  phase 
offset  in  the  a  and  b  data  from  a  single  test-set  will  be  zero.  As  a  result,  X\t  and  X'2, 
simplify  to  a  single  offset  variable  for  each  row 
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DF  DR  CF  CR 

Li     JC  1  A  1     A  | 
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c,  x]     x]     x{ 

DF  DR  CF  CR 
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DF  DR  CF  CR 

t'l       JCi^  JC<^  Ji<^ 

DF  DR  CF  CR 


DF  DR  CF  CR 


DF  DR  CF  CR 


(6-29) 


/ 


Since  only  the  relative  phase  offset  between  the  two  test-sets  is  important,  either  test-set 
may  be  considered  as  the  phase  reference.  Accordingly,  X'\f  can  be  chosen  arbitrarily. 
The  Haddamard  identity  matrix,  /,  is  chosen,  where  all  the  elements  are  unity  (where 


V 


»./ 


1  =  U'mf).  As  a  result, 


Vcf  =  V'mf 


(6-30) 

Dropping  the  numeric  subscript,  and  using/to  denote  fundamental  operation,  the  remain- 
ing offset  matrix  is  defined  as 


X'2f  - 


DF     DR     CF     CR 

V    */     xf    xf  . 


DF     DR     CF     CR 

Xf      Xf      Xf     Xf 

DF     DR     CF     CR 

DF     DR     CF     CR 

Xf     Xf      Xf     Xf 

= 

-,DF  ;,DR  ",CF 

Xf       X{        Xf 

xf-} 


(6-31) 


Similarly  for  secondary  operation, 


V 


■2s 


(6-32) 


where 
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^Is  - 


DF  DR  CF  CR 
Xn       Xn       Xn      X, 


DF  DR  CF  CR 


DF  DR  CF  CR 
C,  X,       X,      X, 


DF  DR  CF  CR 
C.      X,       X,      x„ 


-,DF  -,DR  -,CF  -,CR 


(6-33) 


It  must  be  remembered  that  the  phase  offset  for  the  fundamental  operation  is  not  generally 
equal  to  that  of  the  secondary  operation.  Furthermore,  the  switch  configuration  descrip- 
tors (e.  g.,  DF)  do  not  have  the  normal  meaning  in  secondary  operation.  Combining  (6-24) 
through  (6-33),  one  finds 


T'f  =  (Vmf  X2f)Umf        T'g  =  (Vml  •  r2swms 
The  principle  of  equality  of  operation  (6-12)  can  now  be  restated  as 


Tf  =  t\ 


or,  with  the  unknown  phase  offsets,  X'2,  and  X2s ,  as 


(Vmf»X'2f)Vmr(Yms-X,2sWl  =  0 


(6-34) 


(6-35) 


(6-36) 


Provided  that  T'f  and  T\  exist,  then  (6-36)  is  linear  in  the  elements  of  X'2t  and 
X1 2s .  This  equation  can  be  expanded,  and  re-written  as 


Ax    =  0 
P  p 


(6-37) 


where 


DF     DR     CF     CR     DF     DR     CF     CR 
ff     xf      xf     xf     xs     xs      xs     xs 


(6-38) 


and  A„  is  the  coefficient  matrix  of  (6-36).  Equation  (6-37)  can  now  be  solved  with  a 
numerical  technique  known  as  singular  value  decomposition  (SVD)  [60].  This  technique 
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finds  a  solution  vector,  ts,  that  minimizes  the  product  AE.ts  in  a  least-squares  sense.  The 
SVD  approach  is  useful  for  the  solution  of  the  calibration  equation  where  real  data  is  used, 
where  the  real  data  has  both  random  errors  due  to  noise,  drift,  etc.  and  residual  systematic 
errors  due  to  imperfectly  known  standards.  SVD  is  also  used  in  the  same  way  in  the  pri- 
mary calibration  (see  Section  6.4). 

Once  a  solution  is  found  the  offsets  of  the  A  and  B  matrix,  defined  in  (6- 1 6),  can  be 
directly  found  as 


1111 
DF    DR     CF    CR 

7   xf    xf   xf 
1111 

DF     DR    CF    CR 


(6-39) 


-V  J'  -V  /-  f  f 

The  offset-corrected  Ac  and  Bc  matrix  can  be  found  by  (6-15)  and  (6- 1 7).  For  examples  of 
actual  offset  data,  calculated  from  measured  data,  see  Appendix  L. 

As  indicated,  T'c  of  the  offset  standard  must  exist  for  equation  (6-36)  to  have  a 
solution.  This  requirement  has  important  implications  on  the  general  characteristic  of  off- 
set standards.  Referring  to  the  matrix  conversion  between  s-parameters  and  t-parameters, 
one  can  find  that  a  T-matrix  will  exist  only  if  S2 1  exist.  This  is  true  if  IS.jl  ^  0 .  With  the 
new  definition  of  the  T-matrix  for  the  phase  offset  calibration,  this  restriction  can  be  stated 
in  terms  of  the  offset  standard's  s-parameters  as 

s2\s43*s4\s23  (6"4°) 

Physically,  this  restriction  means  that  "cross-over"  transmission,  .541^23  ■  must  be  distin- 
guishable from  "straight-through"  transmission,  521^43  •  F°r  a  reciprocal  offset  standard, 
the  restriction  (6-40)  means  that  either  i4]s23  =  0  or's21,s43  =  "•  Simply  stated,  an 
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acceptable  offset  standard  will  connect  ports  one  and  two  and  ports  three  and  four,  or  it 
will  connect  ports  one  and  four  and  ports  two  and  three,  while  all  other  transmission  is 
essentially  eliminated.  These  two  types  of  devices  are  illustrated  in  Figure  6-22. 
6.3.2.  Phase  Offset  Of  An  Unknown  PUT 

As  mentioned  earlier,  the  phase  offset  between  the  two  test-sets  is  actually  a  func- 
tion of  the  s-parameters  of  the  DUT.  As  a  result,  the  fundamental  mechanics  of  this  vari- 
able offset  must  be  described  and  characterized  so  that  the  phase  offset  of  an  arbitrary, 
unknown  device  can  be  calculated. 
6.3.2. 1 .  Variable  Offset  Model 

The  reason  for  the  variation  of  the  phase  offset  can  be  found  by  examination  of 
Figure  6-13.  This  figure  has  been  simplified,  and  presented  in  terms  of  vector  a  and  b- 
waves,  in  Figure  6-23.  With  the  RF  switches  of  the  test-sets  in  the  i-th  configuration,  the 
switches  can  be  collectively  described  by  an  s-parameter  matrix  Ssw .  The  systematic 
errors  of  the  PMVNA  are  included  with  the  s-parameters  of  the  DUT  in  Sm.  With  the  t-tfa 
configuration,  a  particular  stimulus  condition  is  generated,  as'rc .  For  the  moment  assum- 
ing that  all  a  and  b  data  is  sampled  without  phase  errors,  it  can  be  shown  that 


TS  A 
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rx 
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TSB 


(a) 

Figure  6-22.     Schematic  of  types  of  acceptable  offset  standards, 
a)  Straight-through,  b)  Cross-over. 
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Figure  6-23.     Simplified  general  switching  error  model  signal  flow  graph. 


«c  =  i'-S^m)    4 


swJ»'     "src 


(6-41) 


h  =  sji-s'swsm)  4c  (6-42) 

This  clearly  indicates  that  the  actual  a  and  b  data  vary  with  the  DUT  raw  s-parameters. 

Referring  to  (6-41),  one  can  see  that  the  actual  phase  difference  between  the  com- 
ponents of  the  a- waves  is  a  function  of  the  s-parameters  of  the  DUT,  Sm.  Since  the  VCOs 
are  always  locked  to  the  same  phase  point  of  the  actual  a-waves,  the  phase  offset  in  the 
sampled  a  data  is  also  a  function  of  S,„.  As  a  result,  the  switch  s-parameter  matrix,  Ssw , 
and  the  source  vector,  asrc ,  must  be  found  for  every  switch  position,  (',  to  allow  the  calcu- 
lation of  the  phase  offset  for  an  arbitrary  DUT. 
6.3.2.2.  Using  Multiple  Offset  Standards 

The  calculation  of  Ssw  and  as'rc  is  accomplished  through  the  use  of  multiple  offset 
standards.  For  each  offset  standard,  the  actual  phase  offset  is  calculated  as  described  in 
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Section  6.3. 1 .3.  The  raw  a  and  b  data  for  each  offset  standard  is  corrected  with  the  corre- 
sponding phase  offset,  giving  the  actual  a  and  b  data  for  each  offset  standard.  Combining 
(6-41)  and  (6-42),  it  is  found  that 

Sijc  +  ~«L  =  «C  (6-43) 

Grouping  the  actual  a  and  b  data  from  each  offset  standard  into  matrices  for  each  switch 
configuration,  (6-43)  becomes 

S'   B'  +A'     =  A'  (6-44) 

sw    c         src  c  v         ' 

This  can  be  expanded  into  a  non-homogeneous  system  of  equations  that  are  linear  in  the 
elements  of  Ssw  and  asrc .  This  can  be  expressed  as 

Ajjc    =  a  T  (6-45) 

where  AT  is  the  coefficient  matrix  for  the  i'-th  position,  ay  is  a  column  vector  of  the  ele- 
ments of  A   ,  and  *_  is  a  column  vector  of  the  unknown  elements  of  S      and  a„n .  This 

C  I  SW  oi\* 

system  of  equations  can  be  solved  via  SVD.  Of  course,  this  process  must  be  done  for  all 

switch  positions,  i  =  {DF,  DR,  CF,  CR}. 

6.3.2.3.  Calculating  the  Offset  of  an  Arbitrary  PUT 

Now  that  the  fundamental  mechanism  for  the  phase  offset  has  been  characterized, 
the  actual  phase  offset  for  an  arbitrary  DUT  can  be  calculated.  For  any  device  measure- 
ment, the  raw  a  and  b  data,  are  collected  into  a  column  vector  for  each  switch  position. 
The  offset  vector  for  this  position,  x ',  can  be  calculated  by  the  linear  expression 

5lw(*m  *  x  V  asrc  =  a'm  *  x'  (6-46) 

After  calculating  x'  for  all  switch  positions,  the  offset  matrix  can  be  constructed  by 
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-DF  -DR  ;CF  -CR 
xf     xf      xf     xf  _ 


(6-47) 


From  this  offset  corrected  data,  the  raw  s-parameters  of  the  DUT  can  be  accurately  calcu- 
lated by 

-l 


(«,„/•  xf*A,nrx? 


(6-48) 

This  process  is  not  restricted  in  the  type  of  DUT  that  can  be  corrected.  The  limita- 
tions of  the  offset  standards,  namely  that  the  T-matrix  exists,  does  not  apply  to  (6-46). 
6.3.2.4.  Diagonalized  Form 

In  practice,  equation  (6-46)  can  be  further  simplified.  This  is  due  to  the  fact  that 
S      is  a  diagonal  matrix,  within  practical  limits.  That  is 


S      =  DiagonalMatrix( 


1   '  2  ' 3  '4 


where 


-\T 


1  '  2  '  3  M 


By  recognizing  this  fact,  (6-46)  can  be  simplified  to 


With  this  simplification,  the  vector  offset  can  be  symbolically  found  as 


(6-49) 


(6-50) 


(6-51) 


■r  *b„ 


(6-52) 


where  the  division  is  the  Haddamard  (entry-wise)  division.  Now,  the  offset  matrix  can  be 
constructed  according  to  (6-47),  and  the  raw  s-parameters  are  calculated  by  (6-48). 
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6,4.  Calibration  Procedure 

The  calibration  process  for  the  PMVNA  is  summarized  as  follows.  First  the  phase 
offset  pre-calibration  is  completed.  Several  offset  standards  are  measured  during  this  pro- 
cess. These  standards  are  generated  with  the  use  of  a  pair  of  resistive  splitters  [55]  in  com- 
bination with  various  terminations.  The  test-port  cables  from  ports  one  and  four  (one  and 
two)  are  connected  to  one  resistive  splitter,  and  ports  two  and  three  (three  and  four)  are 
connected  to  the  other  resistive  splitter.  The  remaining  ports  of  the  resistive  splitters  are 
terminated  with  a  variety  of  one-port  devices,  such  as  opens  and  shorts.  This  combination 
of  splitters  and  terminations  provide  a  simple  means  of  generating  a  large  variety  of  offset 
standards.  The  offset  pre-calibration  is  always  executed  at  the  coaxial  interface,  regard- 
less of  the  type  of  primary  calibration  that  will  follow  (i.e.,  on-wafer  or  coaxial).  The  off- 
set pre-calibration  is  independent  of  the  reference  plane  of  the  primary  calibration. 

The  primary  calibration  is  accomplished  next.  Each  calibration  standard  is  con- 
nected to  the  PMVNA,  and  all  down-mixers  are  measured  for  each  stimulus  mode  and 
direction.  The  raw  A  and  B  data  matrices  are  constructed  as  shown  in  (6-9).  The  phase 
offset  of  each  standard  in  calculated  via  (6-47),  and  the  raw  measured  s-parameters  (S^) 
are  calculated  as  shown  in  (6-48).  The  measured  s-parameters  and  the  corresponding  the- 
oretical s-parameters  (Sax)  of  all  standards  are  used  to  generate  the  coefficient  matrix,  A£, 
via  equation  (6-7).  Finally,  the  calibration  equation  (6-8)  is  solved,  and  the  error  matrix, 
TES,  is  constructed. 

For  the  PMVNA,  the  solution  of  the  calibration  equation  (6-8)  is  implemented  with 
a  numerical  technique  known  as  singular  value  decomposition  (SVD)  [60].  SVD  is  an 
technique  that  finds  a  solution  vector,  ts,  that  minimizes  the  product  AE.ts  in  a  least- 
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squares  sense.  The  SVD  approach  is  useful  for  the  solution  of  the  calibration  equation 
where  real  data  is  used,  where  the  real  data  has  both  random  errors  due  to  noise,  drift,  etc., 
and  residual  systematic  errors  due  to  imperfectly  known  standards.  The  SVD  solution 
provides  the  best  least-square-error  solution  to  the  calibration  data.  Since  the  solution  to 
the  calibration  problem  by  this  method  is  actually  an  estimate  of  the  actual  error  network, 
TE,  the  notation  TES  is  adopted  to  make  a  clear  distinction.  For  this  work  the  SVD  solu- 
tion algorithm  was  integrated  into  LabVIEW  so  calibration  and  correction  could  be  accom- 
plished within  the  control  software.  The  basic  LabVIEW  application  does  not  include  a 
SVD  algorithm.  As  a  result,  a  custom  C-code  routine  (from  [60])  for  SVD  has  been  inte- 
grated into  LabVIEW  for  this  work. 

After  the  error  matrix,  TES,  is  found,  any  subsequent  device  measurements  can  be 
corrected  through  the  application  of  (6-7).  First  the  DUT  offset  corrected  a  and  b  data  is 
found  via  (6-47),  and  the  raw  DUT  s-parameters  are  calculated  by  (6-48).  Then,  the  error 
matrix,  TES,  is  partitioned  as  discussed  earlier,  and  then  (6-7)  is  solved  for  Sa, 

Sa  =   CeSH  ~SmTES20     (SmTES22  "  ^ESu)  (6"53' 

which  now  represents  the  corrected  s-parameters  of  the  DUT.  For  the  PMVNA,  the 
s-parameters  are  expressed  in  terms  of  mixed-mode  s-parameters,  but  the  corrected 
s-parameters  can  be  transformed  into  standard  four-port  s-parameters  if  desired.    For 
more  details  on  the  calibration  software,  see  Appendix  G. 


CHAPTER  7 
VERIFICATION  OF  THE  PMVNA 


To  provide  a  verification  of  the  accuracy  of  the  PMVNA  calibration  it  is  required 
to  measure  some  standard  other  than  those  used  in  calibration.  By  comparing  the  cor- 
rected s-parameters  from  the  PMVNA  to  the  theoretical  s-parameters  of  the  verification 
standard,  one  can  get  a  measure  of  the  accuracy  of  the  calibration.  It  is  desirable  to  find 
verification  standards  where  the  theoretical  s-parameters  are  as  independent  as  possible 
from  the  PMVNA  measurement  system  (and  calibration  standards  used).  It  is  also  desir- 
able to  use  devices  that  are  representative  of  typical  differential  device  performance. 
Although  verification  sets  are  commercially  available  for  two-port  VNAs,  there  are  no 
such  differential  verification  standards  (with  NIST  traceable  measurements  provided). 

For  this  reason,  the  verification  standards  used  here  are  provided  by  a  Hewlett- 
Packard  85057B  verification  kit  [62].  This  kit  contains  four  two-port  standards,  each 
accompanied  with  NIST  traceable  s-parameter  measurements  (these  measurements  have 
associated  maximum  uncertainties,  also  provided).  For  verification  of  the  PMVNA,  vari- 
ous combinations  of  two  verification  standards  are  measured,  and  the  corrected  measure- 
ments are  compared  to  the  provided  s-parameters.  While  combinations  of  two-port 
devices  do  not  represent  a  general  differential  device  that  the  PMVNA  is  designed  to  mea- 
sure, the  85057B  kit  provides  a  readily  available  means  of  accuracy  verification. 

The  85057B  verification  kit  contains  a  20  dB  attenuator,  and  40  dB  attenuator,  a 
50ii  air-dielectric  transmission  line,  and  a  25Q  air-dielectric  transmission  line.  The  stan- 
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dards  have  2.4mm  coaxial  connectors,  but  the  PMVNA  uses  3.5mm  connectors.  These 
devices  are  used  despite  this  incompatibility  since  they  are  readily  available  to  the  author. 
As  a  result  of  the  connector  incompatibility,  adapters  are  used  between  the  connectors  of 
the  PMVNA  (representing  the  calibration  reference  plane)  and  the  verification  standards. 
The  corrected  s-parameters  of  the  verification  device  and  adapters  are  manipulated  to  de- 
embed  the  adapters,  after  which  the  s-parameters  can  be  compared  directly  to  the  provided 
verification  s-parameters.  The  s-parameters  of  the  adapters  needed  for  the  de-embedding 
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Figure  7-1.       Measured  s-parameters  with  adapters  de-embedded  (bold)  and  verification 
s-parameters  of  the  50£i  air-dielectric  transmission  line,  connected 
between  ports  one  and  three  while  the  25Q  air-dielectric  transmission  line 
is  connected  between  port  two  and  four. 
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Figure  7-2.       Differences  between  measured  s-parameters  and  verification  s-parameters 
of  Figure  7-1  (solid)  and  factory  uncertainty  of  verification  s-parameters 
(dashed).  Errors  in  S|  |  and  S22  expressed  as  the  difference  of  the  linear 
magnitudes  of  the  respective  data.  Errors  in  S12  and  S2I  are  expressed  as 
the  difference  in  dB  of  magnitudes  in  dB. 


are  found  through  a  series  of  one-port  measurements.  The  adapters  are  placed  on  a  cali- 
brated (TOSL,  sliding  load)  3.5mm  measurement  port,  and  2.4mm  calibration  standards 
(open,  short,  load,  sliding  load  from  a  HP  85056A  2.4mm  calibration  kit  [63])  are  placed 
on  the  remaining  end  of  the  adapter.  The  sliding  load  algorithm  has  been  implemented 
according  to  [64]  in  Mathematica.  With  these  measurements  of  the  adapter  and  standards, 
and  the  corresponding  calibration  coefficients  of  the  85056A  kit,  the  s-parameters  of  each 
adapter  can  be  calculated. 
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The  verification  measurements  are  made  by  the  PMVNA  which  has  been  cali- 
brated using  all  five  standards  described  earlier,  with  perfect  isolation  between  the  port 
assumed.  All  measurements  (calibration  and  verification)  are  made  with  1024  averages. 
The  first  verification  standard  measurement  is  the  simultaneous  measurement  of  the  50£i 
air-dielectric  transmission  line  and  the  25£2  air-dielectric  transmission  line.  The  50Q 
transmission  line  is  connected  between  ports  one  and  three,  while  the  25£2  transmission 
line  is  connected  between  ports  two  and  four.  The  measured  s-parameters  of  the  50Q 
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Figure  7-3.  Measured  s-parameters  with  adapters  de-embedded  (bold)  and  verification 
s-parameters  (light:  present  but  not  distinguishable)  of  the  25Q  air-dielec- 
tric transmission  line,  connected  between  ports  two  and  four  while  the  50£2 
air-dielectric  transmission  line  is  connected  between  port  one  and  three. 
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transmission  line  are  shown  in  Figure  7-1  together  with  the  s-parameters  provided  with  the 
verification  kit.  The  agreement  between  the  two  sets  of  data  is  quite  good;  the  error 
between  the  sets  of  data  is  shown  in  Figure  7-2.  The  agreement  of  S2i  and  S\2  >s  good  in 
both  phase  and  magnitude.  The  error  in  the  parameter  magnitudes,  with  respect  to  the  ver- 
ification s-parameters,  is  less  than  ±0.05  dB  over  the  entire  measurement  band,  where  the 
error  is  defined  as  AlS-l  =  201og  S-  —  201og  5^  I.  Also  shown  in  Figure  7-2,  is  the 
maximum  uncertainty  of  the  provided  s-parameters  of  the  verification  standards.  For  most 
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Figure  7-4.       Differences  between  measured  s-parameters  and  verification  s-parameters 
of  Figure  7-3  (solid)  and  factory  uncertainty  of  verification  s-parameters 
(dashed).  Errors  in  Sx  ]  and  S22  expressed  as  the  difference  of  the  linear 
magnitudes  of  the  respective  data.  Errors  in  Sj2  and  S2i  are  expressed  as 
the  difference  in  dB  of  magnitudes  in  dB. 
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of  the  measurement  band,  the  errors  fall  within  the  uncertainty  window  of  the  verification 
data,  indicating  that  the  measurements  are  reasonably  accurate.  The  phase  agreement  of 
the  transmission  parameters  is  also  very  good,  but  due  to  space  limitations,  the  phase  of 

the  s-parameters  are  not  shown.  The  phase  error  for  the  transmission  parameters  less  than 

vcrif  mess 

2°,  where  AZS-  =  ZS-      -  ZS-      .  The  agreement  between  S,  i  and  S22  is  not  as 

good,  but  the  reflections  represented  are  very  small  (-40  dB  to  -50  dB),  so  errors  of  these 

magnitudes  are  not  overly  objectionable.  Furthermore,  the  adapter  de-embedding  process 

will  effectively  mask  return  losses  greater  than  that  of  the  adapters,  which  is  in  the  40  dB 
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Figure  7-5.       Measured  s-parameters  with  adapters  de-embedded  (bold)  and  verification 
s-parameters  of  the  20  dB  attenuator,  connected  between  ports  one  and 
three  while  the  40  dB  Attenuator  connected  between  port  two  and  four. 
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range.  The  error  for  these  reflections  are  represented  in  Figure  7-2  in  terms  of  a  (non-rela- 
tive) difference  between  the  magnitudes  of  the  measured  and  verification  data,  where 
AlS-l  =   Sjj       -  SJ™as  •  When  compared  to  the  uncertainty  of  the  verification  data,  the 
errors  of  the  reflection  parameters  are  not  excessive.  Had  the  de-embedding  process  not 
been  necessary,  the  errors  would  undoubtedly  compared  more  favorably  with  the  uncer- 
tainty bounds.  The  phase  errors  ofS^  and  S22  (not  shown)  vary  rapidly  over  the  measure- 
ment band.  However,  the  uncertainty  of  verification  data  for  these  parameters  is  ±180°. 


in 

d 

u 

c 

< 
O 

o 
« 

3 

xn 
< 

II  II 

uncertainty 

s 

4- 

— 

- 

:u 

V 

/> 

-  - 

AT 

;~ 

& 

-Jy 

-•V 

V 

t 

ivi 

r, ' 

— 

- 

■- 

- 

w 

•~V( 

A 

A  mag 

jr 

A  mag. 

1    1    1 

' 

3.25      freq.  (GHz)      25.2! 

' 

3.25      freq.  (GHz)      25.25 

u-i 

O 

m 
< 

d 

1? 

u 

c 

in 
< 

ir> 
q 

□ 

factory 
uncertaintv 

/ 

i  ma£ 

t 

M 

/ 

^_ 

" 

^ 

— 

•J 

^ 

„ 

V 

1 . 

"V 

5^ 

r 

y-. 

<~a 

/ 

f 

I 

unc 

ertainty 

T 

A  mag. 

1  ! 

3.25      freq.  (GHz)      25.2! 

3.25      freq.  (GHz)      25.25 

Figure  7-6.       Differences  between  measured  s-parameters  and  verification  s-parameters 
of  Figure  7-5  (solid)  and  factory  uncertainty  of  verification  s-parameters 
(dashed).  Errors  in  Sj ,  and  S22  expressed  as  the  difference  of  the  linear 
magnitudes  of  the  respective  data.  Errors  in  S]2  and  S2\  are  expressed  as 
the  difference  in  dB  of  magnitudes  in  dB. 
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The  diminishing  magnitudes  ofSu  and  S22  cause  the  phase  error  of  these  parameters  to  be 
of  little  significance. 

From  the  same  PMVNA  measurement,  the  s-parameters  of  the  25Q  transmission 
line  are  also  determined,  and  they  are  shown  in  Figure  7-3  together  with  the  s-parameters 
provided  with  the  verification  kit.  Again  the  agreement  is  quite  good,  and  the  two  sets  of 
data  overlay  each  other  so  well  as  to  make  the  verification  traces  barely  discernible.  The 
errors  are  shown  in  Figure  7-4  in  the  same  format  as  discussed  above.  The  errors  of  5]  | 
and  522  are  less  than  about  ±0.04,  which  is  good  considering  the  large  variation  in  the 
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Figure  7-7.       Measured  s-parameters  with  adapters  de-embedded  (bold)  and  verification 
s-parameters  of  the  40  dB  attenuator,  connected  between  ports  two  and 
four  while  the  20  dB  Attenuator  connected  between  port  one  and  three. 
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magnitudes  of  the  parameters.  The  transmission  parameters,  S21  and  S^  which  also  vary 
significantly  over  the  measurement,  have  less  than  ±0.2dB  magnitude  error,  which  com- 
pares reasonably  to  the  uncertainties,  and  no  more  than  5°  phase  error  with  respect  to  the 
s-parameters  provided  with  the  verification  kit. 

The  second  verification  standard  measurement  is  the  simultaneous  measurement 
of  the  20  dB  attenuator  and  the  40  dB  attenuator.  The  20  dB  attenuator  is  connected 
between  ports  one  and  three  of  the  PMVNA,  while  the  40  dB  attenuator  is  connected 
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Figure  7-8.       Differences  between  measured  s-parameters  and  verification  s-parameters 
of  Figure  7-7  (solid)  and  factory  uncertainty  of  verification  s-parameters 
(dashed).  Errors  in  S\  |  and  S22  expressed  as  the  difference  of  the  linear 
magnitudes  of  the  respective  data.  Errors  in  Si2  and  S2i  are  expressed  as 
the  difference  in  dB  of  magnitudes  in  dB. 
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between  ports  two  and  four.  The  measured  s-parameters  of  the  20  dB  attenuator  are 
shown  in  Figure  7-5  together  with  the  s-parameters  provided  with  the  verification  kit.  The 
differences  are  again  quite  small,  as  shown  in  Figure  7-6.    The  reflection  parameters  Sj  | 
and  S22  show  similar  behavior  to  that  of  the  50£2  transmission  line,  as  is  expected  since  the 
attenuator  is  a  well  matched  device.  The  transmission  parameters,  S2\  and  S{2,  agree  well 
with  less  than  ±0.1  dB  magnitude  error  and  less  than  4°  phase  error. 

From  the  same  PMVNA  measurement,  the  measured  s-parameters  of  the  40  dB 
attenuator  are  also  found,  and  they  are  shown  in  Figure  7-7  together  with  the  s-parameters 
provided  with  the  verification  kit.  Again  the  agreement  is  quite  good,  as  seen  in  the  errors, 
shown  in  Figure  7-8.  The  reflection  parameters  S\  ^  and  S22  show  similar  behavior  to  other 
well  matched  devices.  The  errors  of  S2i  an<l  S12  are  less  than  ±0.1  dB  in  magnitude  and 
less  than  4°  in  the  phase. 

The  calibration  of  the  PMVNA  has  been  shown  to  be  accurate  in  terms  indepen- 
dent of  the  PMVNA.  Strictly  speaking,  the  accuracy  of  the  calibration  has  been  estab- 
lished for  only  the  specific  verification  standards  measured.  These  verification  standards 
are  meant  to  represent  some  extremes  of  possible  DUT  performance,  so  it  is  argued  that 
the  accuracy  of  the  measurements  of  any  DUT  can  be  reasonably  assured.  The  verifica- 
tion standards  as  shown  do  not  exercise  all  of  the  sixteen  s-parameters  measurable.  How- 
ever, many  other  combinations  of  the  same  verification  standards  have  been  made.  The 
combinations  include  connecting  the  standards  between  different  ports,  such  as  one  to  two 
or  one  to  four,  and  many  combinations  of  different  standards,  such  as  the  50ii  air-dielec- 
tric transmission  line  with  the  40  dB  attenuator.  These  measurements  have  not  been 
shown  due  to  space  limitations,  but  all  compare  to  verification  data  with  the  same  general 
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level  of  accuracy.  It  is  argued  that  these  many  measurements  verify  the  accuracy  of  all 
sixteen  s-parameters  measured  by  the  PMVNA. 

Even  with  the  acceptable  accuracy  indicated,  the  actual  accuracy  of  the  PMVNA 
calibration  is  further  argued  to  be  higher  than  what  is  indicated  through  the  discussed  mea- 
surements. The  de-embedding  process  of  the  adapters  from  the  measured  verification 
devices  must  be  recognized  as  a  signification  source  of  error.  The  s-parameters  of  the 
adapters  include  any  residual  errors  from  the  3.5mm  calibrations  compounded  with  any 
errors  in  the  2.4mm  calibration  process.  The  residual  error  of  the  basic  PMVNA  is  argued 
to  be  something  less  than  what  is  indicated  through  this  verification  process.  The  errors 
shown  here  are  felt  to  be  over-estimations  of  the  actual  errors  of  the  PMVNA  calibration, 
but  are  useful  as  conservative  measures  of  accuracy. 

The  calibration  of  the  PMVNA  has  been  successfully  completed  in  the  theoretical 
framework  of  a  general  VNA  calibration.  The  appropriateness  of  this  approach  has  been 
established  through  theoretical  arguments  and  validated  through  measured  results.  The 
requirements  for  a  solution  of  a  general  calibration  problem  have  been  clarified,  and  new 
approaches  to  calibration  standards  and  models  have  proved  accurate. 


CHAPTER  8 
POWER  SPLITTER  AND  COMBINER  ANALYSIS 


The  fundamental  concepts  of  mixed-mode  scattering  parameters  have  been  estab- 
lished by  the  preceding  chapters.  The  methods  of  measurement  of  mixed-mode  s-parame- 
ters  has  also  been  thoroughly  explored,  and  a  specialized  measurement  system  has  been 
described.  The  error  correction  and  measurement  accuracy  of  the  mixed-mode  measure- 
ment system  have  been  demonstrated.  Now,  the  tools  of  mixed-mode  s-parameter  theory 
and  the  measurement  system  will  be  applied  to  the  analysis  of  some  important  RF  devices, 
structures,  and  circuits.  This  chapter  will  focus  on  power  splitters  and  combiners,  and  the 
mixed-mode  s-parameters  will  provide  new  insight  into  the  performance  of  such  compo- 
nents. Chapter  9  and  Chapter  10  will  focus  on  the  analysis  of  several  RF  differential 
applications,  and  Chapter  1 1  will  provide  some  important  mixed-mode  design  concepts. 

Power  splitters  and  combiners  are  indispensable  components  in  RF  and  microwave 
systems,  being  used  in  mixers,  balanced  amplifiers,  baluns,  phase  shifters,  and  many  other 
applications.  Some  of  the  more  commonly  used  splitters/combiners  include  180°  hybrid 
rings  [66  -  70]  and  90°  branch-line  couplers  [71  -  73].  There  are  many  other  varieties  of 
these  components  such  as  tightly  coupled  microstrip  [74,  75].  Some  recent  developments 
have  focused  on  use  of  uniplanar  transmission  line  to  simplify  MMIC  implementations 
[76  -  79].  Recent  MMIC  applications  include  active  splitters  with  an  arbitrary  phase  rela- 
tionship [80],  baluns  for  double-balanced  mixers  [8 1  ],  and  linear  vector  modulators  [82]. 
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The  performance  of  power  splitters  and  combiners,  particularly  phase  and  magni- 
tude balance,  can  have  a  strong  influence  on  the  performance  of  some  systems.  Systems 
such  as  a  balanced  s-parameter  measurement  system  [83]  rely  on  phase  and  magnitude 
relationships  in  power  splitters/combiners  to  make  accurate  measurements.  However, 
practical  splitters/combiners,  such  as  3dB  hybrids,  have  varying  amounts  of  phase  and 
magnitude  imbalance  over  their  bandwidth  which  leads  to  system  performance  degrada- 
tion or  measurement  errors.  Typically,  splitter/combiner  imbalance  is  specified  across  a 
bandwidth  in  terms  of  maximum  magnitude  and  phase  variation  [66  -  82].  Manufacturers 
of  splitters/combiners  also  specify  imbalance  with  this  method.  For  example,  a  typical 
specification  of  a  1 .0  GHz  to  1 2.4  GHz  1 80°  3  dB  hybrid  splitter  is  ±0.8  dB  amplitude 
imbalance  and  ±10°  phase  imbalance  [35]. 

This  chapter  presents  an  analysis  of  imbalances  in  power  splitters  and  combiners 
in  terms  of  differential  and  common-modes.  Portions  of  this  work  has  been  published  by 
the  author  [84].  The  analysis  yields  approximate  expressions  for  the  differential  and  com- 
mon-mode normalized  waves  as  a  function  of  magnitude  and  phase  imbalance.  These 
expressions  demonstrate  that  splitter/combiner  imbalance  can  be  represented  in  terms  of 
differential  and  common-mode  responses,  and  provide  insight  into  the  nature  of  such 
responses.  The  combined  differential  and  common-mode  analysis  represents  a  more  com- 
plete way  of  quantifying  imbalance,  and  new  performance  metrics  are  suggested  to  simul- 
taneously characterize  phase  and  magnitude  imbalance.  These  metrics  promote  a 
fundamental  understanding  of  the  physical  performance  of  non-ideal  splitters  and  combin- 
ers which  is  useful  in  the  design  and  analysis  of  sensitive  differential  circuits  and  systems. 
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8.1,  Splitters 

Consider  a  splitter,  such  as  a  hybrid  splitter,  which  has  a  single  input  and  two  out- 
puts. The  relationships  between  the  two  outputs  can  be  described  in  several  ways,  but  this 
analysis  will  use  the  total  voltages  and  currents  at  the  outputs  in  terms  of  differential  and 
common-mode  voltages  and  currents.  The  definitions  of  these  quantities  for  a  two  output 
system  are  defined  in  Section  3.1.1,  and  are  repeated  below. 

vd(x)«Vi-v2  (8-1) 

idWs5(i,-j2)  (8-2) 

vc(jO  =  i(v,+v2)  (8-3) 

ic0c)«f1+«2  (8-4) 

where  vj  and  v2  are  the  voltages  at  outputs  one  and  two,  respectively,  and  ij  and  ^  are  the 
currents  flowing  into  the  outputs  one  and  two,  respectively.  From  these  voltages  and  cur- 
rents, the  differential  and  common-mode  normalized  waves  have  been  shown  to  be 

bA  =  ^h-b2)  (8-5) 


72" 


bn  =  ^(bx+b2)  (8-6) 


where  b\  and  b2  are  normalized  output  waves  at  ports  one  and  two,  respectively. 

To  continue  the  analysis,  a  specific  type  of  splitter/combiner  will  be  used,  say  a 
1 80°  3  dB  hybrid  in  a  splitter  configuration.  A  simplified  signal  flow  graph  of  this  device 
is  shown  in  Figure  8-1,  neglecting  port  mismatch  and  the  output-to-output  signal  path. 
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Figure  8- 1 .       Simplified  signal  flow  graph  of  1 80°  3dB  splitter  with  phase  and  amplitude 
imbalance. 


Included  in  this  flow  graph  is  the  amplitude  imbalance  (A),  phase  imbalance  (9),  balanced 
loss  (a)  and  balanced  phase  shift  (())).  Note,  the  outputs  of  the  splitter  are  ideally  of  equal 
magnitude  and  180°  out  of  phase. 

From  (8-5)  and  Figure  8-1,  the  differential-mode  normalized  output  can  be  found 
to  be 

aa  .«/♦ 
bd  =  —j—  ( 1  +  ( 1  +  A)^e)  (8-7) 

where  a,  is  the  normalized  input  wave.  Similarly,  from  (8-6)  the  common-mode  normal- 
ized output  can  be  found  to  be 

bc  =  — g — (1  -(1  +A)e>e)  (8-8) 

If  the  phase  imbalance  is  small  (|6|«1)  then  the  complex  exponential  can  be  approxi- 
mated by 

e-'6  =l+y9  (8-9) 

Applying  this  approximation  to  (8-7),  the  differential-mode  normalized  output  can  be 
approximated  as 
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aa.e'* 

b^—tj—  (2  +  A+i6(l+A))  (8-10) 

which  can  be  expressed  as 

aa;e      i -I  Q(\  +A1 

fcd  .  -^—7(2  +  A)2  +  e2(  1  +  A)2exp(/  •  tan    (    2  +  A   ))  (8-1D 

which  can  be  further  approximated  by 

aaJ*   . A\^r\    aai^ 

bd  =  —^—  7(2  +  A)2  +  62(l+A)2e    V  ~—^~ (2  +  A)^e/2>  (8-12) 

where  the  final  approximation  assumes  the  imbalances  to  be  small  (|8|«1,  A«l).  In  a 
similar  fashion,  the  common-mode  normalized  output  wave  (8-8)  from  the  splitter  can  be 
approximated  by 

b   =^^7A2  +  e2(l+A)Vl      A      U—l—Jtf^&eiW  (8-13) 

In  the  case  of  a  180°  splitter,  the  common-mode  wave  can  be  considered  to  be  an 
unintended  signal,  and  its  magnitude  is  directly  proportional  to  magnitude  imbalance  of 
the  splitter.  The  phase  imbalance  has  a  second  order  effect  on  the  magnitude  of  the  com- 
mon-mode wave,  but  it  has  a  more  significant  effect  on  the  phase  of  the  common-mode 
signal.  As  can  be  see  from  (8-12),  the  magnitude  of  the  differential-mode  wave  is  affected 
primarily  by  the  magnitude  imbalance  of  the  splitter.  However,  since  A«l,  one  can  see 
the  splitter  imbalance  is  a  small  error  in  the  desired  output  signal. 

The  common-mode  rejection  ratio  can  be  adapted  from  differential  circuit  con- 
cepts as  a  measure  of  the  imbalance  in  a  splitter.  The  common-mode  rejection  ratio 
(CMRR)  [4]  can  be  adapted  to  normalized  waves  by  the  definition 
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CMRR=  _£  (8-14) 

which,  in  the  case  of  a  180°  splitter,  can  be  approximated  by 


CMRR-   P+2A)2+292(1+f  =  ^L  (8-15) 

<i    A2  +  e2(i+A)2      J/fTtf- 

This  quantity  gives  a  single  measure  of  the  effects  of  both  magnitude  and  phase  imbalance 
in  a  splitter. 

The  relation  between  CMRR  and  the  traditional  measures  of  imbalance  can  be 
examined  by  plotting  contours  of  constant  CMRR  from  (8-14)  as  a  function  of  9  and  1+A, 
as  shown  in  Figure  8-2.  By  plotting  9  and  1+A  in  rectangular  coordinates,  these  contours 
form  ellipses,  and  by  choosing  units  of  degrees  and  dB  for  phase  and  magnitude  imbal- 
ance, respectively,  the  specifications  can  be  plotted  on  the  same  plane  as  horizontal  and 
vertical  lines.  The  phase  and  magnitude  imbalance  specification  lines  define  a  rectangle 
in  the  imbalance  plane.  The  lowest  CMRR  in  this  rectangle,  the  result  of  maximum  phase 
and  maximum  magnitude  imbalance  occurring  simultaneously,  is  indicated  by  the  ellipse 
which  intersects  the  corners  of  the  rectangle. 

Another  significant  ellipse  is  the  one  which  is  entirely  contained  in  the  specifica- 
tion rectangle.  This  ellipse  represents  the  highest  CMRR  that  can  occur  while  one  of  the 
imbalances  is  at  it  maximum  specified  limit.  In  Figure  8-2,  such  an  ellipse  is  limited  by 
the  magnitude  imbalance,  indicating  the  worst-case  best  performance  is  limited  by  magni- 
tude imbalance.  The  shaded  regions  in  Figure  8-2  indicate  performance  that  is  within  the 
traditional  specification  limits,  but  has  relatively  poor  CMRR. 
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Had  the  phase  specifications  been  made  such  that  their  representative  lines  were 
also  tangent  to  the  smallest  dashed  ellipse,  areas  of  lower  CMRR  would  still  exist  in  the 
corners  of  the  resulting  rectangle.  These  regions  illustrate  the  advantage  of  specifying 
minimum  CMRR  over  maximum  magnitude  and  phase  imbalance.  Two  splitters  with  the 
same  magnitude  and  phase  specifications  may  have  different  minimum  CMRR.  However, 
if  minimum  CMRR  is  specified,  no  such  ambiguity  exists,  and  the  CMRR  ellipse  indicates 
the  maximum  simultaneous  phase  and  magnitude  imbalance. 

15 


Figure  8-2.       Loci  of  constant  CMRR  (dB)  in  the  plane  of  phase  imbalance,  9  (degrees), 
versus  magnitude  imbalance,  l+A(dB).  Dashed  lines  indicate  manufac- 
turer's specifications,  and  dashed  ellipses  indicate  worst-case  and  best-case 
CMRR  interpretation  of  specifications.  Shaded  regions  indicate  perfor- 
mance within  specification  with  poor  CMRR. 
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To  illustrate  the  use  of  above  analysis,  the  s-parameters  of  a  1 80°  3dB  hybrid  split- 
ter/combiner (Merrimac,  part  number  HJM-4R-6.5G  [35])  were  measured.  The  measure- 
ments were  made  on  a  standard  HP8510C  two-port  VNA  with  3.5mm  coaxial  connectors, 
with  a  sliding-load  TOSL  calibration.  In  this  case,  a  "round-robin"  method  was  used  to 
determine  the  multi-port  s-parameters  of  the  splitter.  This  method  employs  multiple  two- 
port  measurements  of  the  device,  with  remaining  ports  of  the  device  terminated  in  preci- 
sion 50Q  loads.  A  total  of  three  two-port  s-parameter  sets  were  generated  as  the  three 
ports  were  measured  two  at  a  time,  with  the  remaining  port  terminated.  The  errors  due  to 
any  imperfect  termination  of  the  free  port  were  considered  to  be  negligibly  small.  The 
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Figure  8-3.       Measured  imbalance  of  a  180°  3dB  hybrid  power  splitter  with  dashed  lines 
indicating  manufacturer's  specifications. 

a)  Measured  magnitude  imbalance  in  dB.    b)  Measured  phase  imbalance 
in  degrees. 
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overall  three-port  s-parameters  of  the  splitter  were  constructed  from  the  appropriate  ele- 
ments of  the  three  two-port  s-parameter  sets. 

A  direct  measurement  of  the  output  magnitude  imbalance  is  shown  in 
Figure  8-3(a).  This  power  splitter  is  specified  to  have  no  more  than  ±0.8dB  magnitude 
variation  from  1  GHz  to  12.4  GHz.  The  measured  phase  imbalance  is  shown  in 
Figure  8-3(b).  Over  its  bandwidth,  this  splitter  should  have  a  maximum  phase  variation  of 
±10°.  As  can  be  seen  from  these  figures,  the  splitter  is  within  specification. 

The  differential  and  common-mode  responses  of  the  splitter  were  calculated  from 
the  measured  s-parameters.  With  the  definitions  Sjj  =  fo|/a,,  and  S2;  =  b^/aj,  ar|d  the  use  of 
(8-5)  and  (8-6),  it  is  easily  shown  that 
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Figure  8-4.       Ratio  in  dB  of  normalized  common-mode-to-input  waves  and  normalized 
differential-mode-to-input  waves  of  a  1 80°  3dB  hybrid  power  splitter. 
Data  is  derived  from  measured  data.  Note  the  different  vertical  scales. 
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s  ._S-±(s  -s  ) 

1 


(8-16) 


which  are  readily  calculated  from  measured  data.  The  magnitude  of  these  differential  and 
common-mode  s-parameters  are  shown  in  Figure  8-4.  This  figure  clearly  shows  the  gener- 
ation of  a  common-mode  signal  at  the  output  of  the  splitter.  Outside  of  the  splitter's 
intended  bandwidth,  the  common-mode  response  becomes  large  in  magnitude,  and  the 
differential-mode  response  shows  ripple  in  its  magnitude. 

The  CMRR  of  the  splitter  can  also  be  easily  calculated  from  measured  s-parame- 
ters. With  the  use  of  (8-14)  and  (8-16) 


CMRR  = 


S\i     S2i 


su  +  s2i 


(8-17) 
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Figure  8-5.       Common-mode  rejection  ratio  (magnitude)  in  dB  of  a  180°  3dB  hybrid 
power  splitter.  Data  is  derived  from  measured  data. 
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The  calculated  CMRR  magnitude  is  shown  in  Figure  8-5.  In  the  specified  bandwidth,  the 
splitter  has  approximately  30  dB  CMRR,  decreasing  rapidly  out  of  band.  The  minimum 
measured  CMRR  is  27.2  dB. 

The  measured  imbalance  is  plotted  on  the  imbalance  plane  of  8  and  1+A  in 
Figure  8-6  over  the  specification  bandwidth  of  1 .0  GHz  to  12.4  GHz.  The  data  is  entirely 
contained  within  the  27.2  dB  ellipse,  which  falls  within  the  limits  of  the  highest  possible 
CMRR  specification  of  26.7  dB  (see  Figure  8-2). 


Figure  8-6.       Measured  imbalance  of  1 80°  3dB  hybrid  power  splitter  ( 1 .0  GHz  to  12.4 
GHz)  plotted  in  the  plane  of  phase  imbalance,  6  (degrees),  versus  magni- 
tude imbalance,  1+A  (dB),  with  loci  of  constant  CMRR  (dB).  Dashed  lines 
indicate  manufacturer's  specifications,  and  dashed  ellipse  indicates  mini- 
mum measured  CMRR. 
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8.2.  Combiners 

The  effect  of  magnitude  and  phase  imbalance  on  power  combiners  can  also  be  ana- 
lyzed in  terms  of  differential  and  common-mode  normalized  waves.  In  a  typical  hybrid 
power  splitter/combiner,  two  signals  will  be  combined  in  two  fashions  simultaneously, 
producing  two  outputs.  For  example,  the  3  dB  hybrid  180°  splitter/combiner  will  produce 
the  sum  of  two  input  signals  at  one  output  and  the  difference  of  the  signals  at  the  second 
output.  The  combiner  can  be  analyzed  as  two  single  output  combiners,  each  delivering  the 
sum  or  difference  signal  as  appropriate.  Therefore,  only  a  180°  combiner  will  be  consid- 
ered, with  generalizations  to  any  phase  of  combining.  The  simplified  signal  flow  graph  of 
a  1 80°  combiner  is  similar  to  that  of  the  splitter,  and  is  shown  in  Figure  8-7.  A  linear  com- 
bination of  differential  and  common-mode  waves  is  assumed  at  each  input 

a.  +  flj  a.-aj 

(8-18) 


which  can  be  found  by  solving  the  forward  wave  relations  similar  to  (8-5)  and  (8-6)  for  a\ 
and  a2.  The  total  output  of  the  combiner  is  then  a  function  of  ad,  ac  and  imbalances  A  and 
9.  The  180°  combiner  has  an  output 


Figure  8-7.       Simplified  signal  flow  graph  of  180°  3dB  combiner  with  phase  and  ampli- 
tude imbalance. 
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ad* 


[(a r+aH)-(l+A)e/9(a  -aA)] 


(8-19) 


A  rejection  ratio  can  not  be  directly  applied  to  combiners.  However,  a  common-mode 
combiner  response  ratio  (RCMcomb)  can  be  defined  as 

b 


RCM 


comb " 


ISO 


(8-20) 


which  can  be  shown  to  be  approximately 

RCMcomb  "  5  Va2  +  82(1+A)2  (8-21) 

Equations  (8-19)  and  (8-21)  indicate  that,  due  to  imbalance,  the  output  of  the  combiner  is 
clearly  influenced  by  the  presence  of  a  common-mode  signal  at  the  inputs. 

In  addition  to  a  response  from  an  undesired  mode,  imbalance  in  the  combiner  also 
causes  error  in  the  combining  of  the  desired  mode.  To  illustrate  this,  consider  the  differ- 
ential-mode response  ratio  (RDMcomb)  of  the  180°  combiner  defined  as 

b, 


RDM 


comb 


'ISO 


=  "7(2  +  A)2  +  62(l+A)2 


(8-22) 


This  illustrates  the  error  in  the  combination  of  the  desired  mode  is  a  function  of  imbalance. 
It  is  interesting  to  note  that  the  ratio  of  (8-22)  and  (8-2 1 )  is  equal  to  the  CMRR  of  the  split- 
ter in  (8-15). 

The  measured  s-parameters  of  the  example  splitter  of  Section  8. 1  can  also  be 
examined  for  combiner  performance.    The  response  ratios  of  (8-20)  can  be  related  to  the 
measured  s-parameters  by 


180 


RCM 


comb 


(a,  +a2)/V2 


=  72 


1    2 

bi      b3 


72 


1       1 


(8-23) 


where  port  three  is  the  output  and  ports  one  and  two  are  the  inputs.  Similarly,  the 
response  ratios  of  (8-22)  can  be  related  to  the  measured  s-parameters  by 


RDM 


comb 


(8-24) 


Plots  of  these  ratios  are  not  included  since  they  are  closely  related  the  splitter  performance 
shown  in  Figure  8-5. 

8.3.  Extensions  to  Arbitrary  Phase 

The  above  combined  differential  and  common-mode  analysis  suggests  an  alter- 
nate, and  useful,  way  of  interpreting  the  imbalances  in  a  splitter/combiner.  The  measured 
s-parameters  of  a  practical  power  splitter  further  illustrate  the  combined-mode,  or  mixed- 
mode,  concepts.  From  the  application  of  these  concepts,  CMRR  is  found  to  quantify  the 
effects  of  both  magnitude  and  phase  imbalance  in  power  splitters.  The  above  analysis 
considers  only  a  180°  power  splitter,  but  the  analysis  is  easily  extended  to  an  arbitrary 
phase  relation.  For  an  arbitrary  phase  splitting  the  CMRR  is  exactly 

l-(l+A)<^"  +  9> 


CMRR  = 


(8-25) 


1  +(1  +A)^'(«  +  8) 

where  Q  is  the  phase  of  the  split  (e.  g.,  0°,  1 80°).  With  first  order  approximations,  (8-25) 
has  been  simplified  for  three  common  angles,  and  these  results  are  summarized  in 
Table  8-1 .  A  study  of  errors  resulting  from  the  approximations  (|9|  «  1,  A  «  1)  indicates 
both  forms  to  be  quite  accurate  over  practical  values  of  phase  and  magnitude  imbalance. 
For  a  CMRR  of  25  dB,  both  approximations  have  a  maximum  error  of  less  than  ±0.2  dB. 
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Note  that  when  Q  is  not  180°,  CMRR  does  not  have  the  traditional  meaning  or  value,  so 
that  its  name  is  misleading.  For  example,  with  Q  =  0°  CMRR  is  ideally  zero  since  the  dif- 
ferential-mode output  is  ideally  zero.  For  0°  splitters/combiners  another  metric  is  more 
conceptually  natural,  namely  differential-mode-rejection-ratio  (DMRR)  which  can  be 
defined  as  DMRR=1/CMRR.  For  90°,  and  other  angles,  neither  DMRR  nor  CMRR  is 
interpreted  in  a  typical  fashion.  The  use  of  the  single  metric  CMRR  for  all  phases  of  split- 
ters is  both  simple  and  accurate,  if  its  meaning  is  properly  interpreted  for  each  phase  split- 
ter. 
Table  8- 1 .      Splitter  CMRR  for  common  values  of  Q. 


a 

CMRR  (1st  approx.) 

CMRR  (2nd  approx.) 

Ideal 
Value 

0° 

0 

/    A2  +  e2(i+A)2 

VA2  +  e2 

2  +  A 

«/(2  +  A)2  +  92(  1  +A)2 

90° 

1 

1(1+6(1  +A))2  +  (1  +A)2 

*i(i-e(i  +A))2  +  (i  +A)2 

/l  +A  +  6 
VI  +A-6 

180° 

2  +  A 

oo 

/(2  +  A)2  +  92(l  +A)2 

«/    A2  +  e2(i  +A)2 

Va2  +  62 

The  effects  of  magnitude  and  phase  imbalance  in  power  combiners  have  also  been 
described  through  a  mixed-mode  analysis.  Response  ratios  such  as  RDM  and  RCM  quan- 
tify these  effects.  The  combiner  analysis  considers  only  a  180°  power  combiner,  but  the 
analysis  is  easily  extended  to  an  arbitrary  phase  relation.  For  an  arbitrary  phase  combin- 
ing these  responses  are  exactly 
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RDM  =  ^|l-(l+A)^n  +  e>| 


RCM  =  ^|l+(l+A)^("  +  e'| 


(8-26) 


To  a  first  order  approximation,  (8-26)  has  been  simplified  for  three  common  angles,  and 
these  results  are  summarized  in  Table  8-2. 

The  impact  on  systems  using  power  splitters  and  combiners  can  now  be  considered 
in  terms  of  differential  and  common-mode  responses.  The  effects  of  an  undesired  signal 
mode,  such  as  common-mode,  can  be  investigated  with  simple  network  theory,  and  limits 
on  such  undesired  signals  can  be  set  through  the  use  of  CMRR. 


Table  8-2.      Combiner  RDM  and  RCM  for  common  values  of  Q 


Q 

RDM 

RCM 

0° 

^Va2  +  62(1+A)2 

jV(2  +  A)2  +  e2(l+A)2 

90° 

^7(1  +6(1  +A))2  +  (1  +A)2 

^7(1-6(1+A))2  +  (1+A)2 

180° 

^V(2  +  A)2  +  62(l+A)2 

^Va2  +  62(1+A)2 

CHAPTER  9 
THIN-FILM  METAL-ON-CERAMIC  STRUCTURES 


This  chapter  examines  a  series  of  RF  differential  structures  that  are  fabricated  on 
ceramic  substrates.  The  structures  are  designed  to  provide  examples  of  the  use  of  mixed- 
mode  s-parameter  concepts  in  the  measurement  and  analysis  of  RF  differential  structures. 
The  test  results  are  from  differential  transmission  structures.  These  structures  provide 
important  information  about  practical  differential  implementation  of  one  of  the  most  basic 
RF  components,  the  transmission  line.  These  experiments  examine  the  performance  of 
various  differential  transmission  line  in  terms  of  (1)  mode-specific  transmission  behavior 
and  (2)  line-to-line  crosstalk  (coupling). 

All  structures  are  fabricated  on  an  IC  scale,  and  they  are  all  designed  to  be  directly 
probed  with  150u_m  pitch  probes.  The  structures  are  thin-film  metal-on-ceramic  struc- 
tures, fabricated  with  thin-film  gold  (4|im  thick  +0.25(im)  on  a  polished  alumina  substrate 
(er  =  9.9,  tan5  =  0.001 ).  Resistors  are  fabricated  with  a  resistive  layer  of  a  nickel-chrome 
(NiCr)  metal  approximately  400A  thick,  with  a  sheet  resistance  of  about  40  £i/square.  In 
this  case,  the  resistors  were  left  un-tuned  at  their  fabricated  values.  All  photo-masks 
required  for  fabrication  have  been  generated  in  the  University  of  Florida  Microelectronics 
Laboratory,  and  all  fabrication  has  been  done  in  the  Motorola  Thin-Film  Research  Labora- 
tory in  Plantation,  Florida.  All  measurements  presented  in  this  chapter  were  made  with 
1024  averages  and  half-leakage  correction  using  the  methods  presented  in  Chapter  6. 
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9,1,  Differential  Transmission  Lines 


9. 1 , 1 ,  Uniform  Differential  Transmission  Line 

The  first  structure  presented  is  a  simple  coplanar  wave  guide  (CPWG)  transmis- 
sion line  pair.  The  constituent  transmission  lines  are  placed  close  together  so  that  the  pair 
can  be  considered  a  single  differential  transmission  line.  Their  closeness  causes  the  indi- 
vidual transmission  lines  to  be  coupled,  so  that  they  act  as  a  single  differential  transmis- 
sion line.  The  transmission  line,  shown  in  Figure  9- 1 ,  has  a  constant  cross-section  over  its 
length,  and  is  therefore  called  a  uniform  differential  transmission  line.  Each  constituent 
transmission  line  was  designed  to  have  a  nominal  50ii  characteristic  impedance1.  The 
signal  conductors  are  104|lm  wide,  and  the  spaces  between  the  edge  of  the  signal  conduc- 
tors and  the  edge  of  the  ground  planes  are  58|im.  The  ground  strip  between  the  signal 
conductors  is  80|im  wide.  The  signal  conductors  are  4000|im  long,  and  the  outer  ground 
planes  are  400u,m  wide.  The  shaded  regions,  400)im  wide,  represent  strips  of  resistor 
material  which  have  been  added  to  reduce  parasitic  resonances  of  the  structure  at  high  fre- 
quencies. 

MM1  MM2 


Figure  9- 1 .       Layout  of  uniform  differential  transmission  line  with  intermediate  ground. 


1 .     The  design  of  each  line  was  a  single  signal  conductor  design  neglecting  any  coupling  between 
the  two  adjacent  transmission  lines  and  the  effects  of  the  truncated  ground  planes.  In  other 
words,  the  design  assumed  uncoupled  transmission  lines.  Thus  the  even-  and  odd-mode  char- 
acteristic impedances  are  assumed  to  be  50L1  during  the  design  process, 
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Figure  9-2.       Measured  pure  differential  s-parameters  (DD)  of  structure  of  the  uniform 
differential  transmission  line,  magnitude  in  dB. 


The  measured  mixed-mode  s-parameters  of  the  uniform  differential  transmission 
line  are  shown  in  Figure  9-2  to  Figure  9-5.  The  magnitudes  in  dB  of  the  pure  differential- 
mode  responses  (DD)  are  plotted  versus  frequency  in  Figure  9-2.  From  this  figure,  one 
can  see  that  the  structure  behaves  as  a  matched,  low-loss  transmission  line  to  the  differen- 
tial mode  signals.  The  structure  has  better  than  20  dB  differential  return  loss  at  20  GHz, 
and  less  than  4  dB  differential  insertion  loss  at  20  GHz.  The  actual  differential  character- 
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Figure  9-3.       Measured  pure  common-mode  s-parameters  (CC)  of  structure  of  the  uni- 
form differential  transmission  line,  magnitude  in  dB. 


istic  impedance  is  approximately  101£i  which  is  slightly  more  than  twice  the  nominal  sin- 
gle-ended impedance  of  the  individual  lines.  The  small  deviation  from  the  nominal 
single-ended  impedance  indicates  the  individual  lines  are  loosely  coupled. 

The  magnitudes  in  dB  of  the  pure  common-mode  responses  (CC)  are  plotted  ver- 
sus frequency  in  Figure  9-3.  These  measurements  indicate  that  the  structure  is  good  trans- 
mission line  to  the  common-mode,  but  it  is  not  as  well  matched  as  to  the  differential- 
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Figure  9-4.       Measured  common-to-differential  mode-conversion  s-parameters  (DC)  of 
structure  of  the  uniform  differential  transmission  line,  magnitude  in  dB. 


mode.  The  periodic  variations  in  the  common-mode  return  loss  indicate  an  impedance 
miss-match,  although  slight.  The  actual  common-mode  characteristic  impedance  is 
approximately  29Q  Note,  however,  that  the  two  reflection  parameters  are  nearly  indistin- 
guishable, indicating  a  high  level  of  port  symmetry,  as  is  expected  from  the  layout. 

The  magnitudes  in  dB  of  the  mode-conversion  responses  (DC  and  CD)  are  plotted 
versus  frequency  in  Figure  9-4  and  Figure  9-5.  These  plots  show  a  reasonably  low  level  of 
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Figure  9-5.       Measured  differential-to-common  mode-conversion  s-parameters  (CD)  of 
structure  of  the  uniform  differential  transmission  line,  magnitude  in  dB. 


mode-conversion  in  reflection  (in  the  -40  dB  to  -50  dB  range),  but  indicate  more  signifi- 
cant levels  of  conversion  in  the  transmission  parameters  as  frequency  increases.  These 
mode-conversions  are  most  likely  due  to  the  combined  effect  of  probe-to-probe  crosstalk 
and  raw  imbalance  in  the  PMVNA. 
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9,1.2.  Balanced  Step  Differential  Transmission  Line 

The  second  structure  presented  is  a  differential  transmission  line  with  a  change  in 
the  width  of  both  signal  conductors.  This  change  in  the  width  is  equal  for  both  conduc- 
tors, and  is  therefore  called  a  balanced,  or  symmetric,  step  in  width.  Referring  to 
Figure  9-6,  the  section  of  transmission  line  with  the  wide  signal  conductors  is  cascaded 
between  two  sections  of  narrower  line.  Both  end  sections  are  of  the  same  dimensions  as 
the  nominal  50£2  single-ended  characteristic  impedance  (conductors  104nm  wide,  spaces 
58nm  wide)  as  examined  in  Section  9.1.1.  The  middle  section  has  conductors  140nm 
wide  and  spaces  40|i.m  wide,  and  is  2000(im  long.  Both  end  sections  are  lOOOum  long, 
making  the  entire  transmission  line  4000|im  long. 

The  measured  pure  differential-mode  (DD)  results  from  the  balanced  step-in-width 
transmission  line  are  show  in  Figure  9-7,  as  magnitudes  in  dB.  The  differential  return  loss 
has  a  distinctive  periodic  variation  with  frequency.  Furthermore,  the  transmission  param- 
eters also  have  a  slight  periodic  variation.  These  plots,  together  with  polar  plots  of  the  dif- 
ferential data  (not  shown)  indicate  a  step  in  the  differential  characteristic  impedance.  In 
other  words,  a  differential-mode  signal  encounters  a  transmission  line  system  with  imped- 
ance first  of  Z\ ,  then  Z^,  then  back  to  Z\ .  This  type  of  transmission  line  system  is  often 
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Figure  9-6.       Layout  of  differential  transmission  line  with  symmetrical  step  in  conductor 

widths. 
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Figure  9-7.       Measured  pure  differential  s-parameters  (DD)  of  structure  of  the  balanced 
step  differential  transmission  line,  magnitude  in  dB. 

called  a  Beatty  standard  [85].  This  behavior  of  the  differential  transmission  line  of 
Figure  9-6  is  not  surprising  since  the  constituent  single-ended  transmission  lines  each 
embody  a  Beatty  standard.  Analysis  shows  the  differential  characteristic  impedance  of  the 
center  section  to  be  8 1  £i,  while  both  end  sections  are  1 0 1  £1 

The  pure  common-mode  response  (CC)  of  Figure  9-6  is  shown  in  Figure  9-8  as 
magnitudes  in  dB.  The  periodic  nature  of  the  common-mode  response  is  more  evident 
than  that  of  the  differential-mode.  Clearly  the  common-mode  response  of  the  transmis- 
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Figure  9-8.       Measured  pure  common-mode  s-parameters  (CC)  of  structure  of  balanced 
step  differential  transmission  line,  magnitude  in  dB. 


sion  line  is  also  that  of  a  Beady  standard.  Analysis  shows  the  common-mode  characteris- 
tic impedance  of  the  center  section  to  be  23ti,  while  both  end  sections  are  29£1 
Furthermore,  the  return  loss  minima  occurs  at  lower  frequencies  in  the  balanced  step  sys- 
tem than  in  the  uniform  transmission  line.  This  downward  shift  indicates  that  the  com- 
mon-mode electrical  length  of  the  balanced  step  section  is  longer  than  that  of  the  an  equal 
length  of  uniform  transmission  line.  This  difference  is  due  to  the  quasi-TEM  nature  of 
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Figure  9-9.       Measured  common-to-differential  mode-conversion  s-parameters  (DC)  of 
structure  of  balanced  step  differential  transmission  line,  magnitude  in  dB. 


CPWG,  where  the  velocity  of  propagation  is  a  function  of  the  transmission  line  cross-sec- 
tion. It  is  also  interesting  to  note  that  minima  in  the  differential  return  loss  occur  at  about 
twice  the  frequency  of  the  corresponding  common-mode  minima.  This  indicates  that  the 
overall  structure  has  a  differential  electrical  length  that  is  about  half  that  of  the  common- 
mode. 
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Figure  9-10.     Measured  differential-to-common  mode-conversion  s-parameters  (CD)  of 
structure  of  balanced  step  differential  transmission  line,  magnitude  in  dB. 


The  measured  mode-conversions  responses  (DC  and  CD)  are  shown  in  Figure  9-9 
and  Figure  9-10.  Despite  the  step  in  the  conductor  widths,  the  mode-conversion  levels  are 
essentially  the  same  as  the  uniform  transmission  line  of  Figure  9- 1 .  It  can  be  observed 
that,  at  any  distance  along  the  line,  the  signal  conductors  are  of  equal  width.  This  type  of 
structure  can  be  said  to  have  electromagnetic  field  symmetry  (that  is  the  even  and  odd- 
mode  exist  in  contrast  to  the  c  and  7t-modes).  As  a  result  of  this  symmetry,  the  structure 
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has  a  high  degree  of  balance,  that  is,  there  is  low  levels  of  mode-conversion.  The  relation- 
ship between  field  symmetry  and  mode-conversion  will  be  further  examined  in  the  follow- 
ing sections. 
9. 1.3.  Unbalanced  Step-Up  Differential  Transmission  Line 

The  third  structure  presented  has  a  change  in  the  width  of  only  one  signal  conduc- 
tor. As  shown  in  Figure  9- 1 1 ,  this  structure  is  similar  to  that  of  the  previous  section,  but  in 
this  case  only  one  of  the  signal  conductors  have  a  step  in  width.  Like  the  previous  trans- 
mission line,  the  section  of  transmission  line  with  the  wide  signal  conductors  is  cascaded 
between  two  sections  of  narrower  line.  Both  end  sections  are  of  the  same  dimensions  as 
the  nominal  50£2  single-ended  characteristic  impedance  (conductors  104p:m  wide,  spaces 
58u,m  wide)  as  examined  in  Section  9.1.1.  The  middle  section  has  one  signal  conductor 
140nm  wide  and  spaces  40u.m  wide,  but  the  other  signal  conductor  is  104(lm  wide  with 
58(im  wide  spaces.  Again  the  middle  section  is  2000nm  long,  and  both  end  sections  are 
1000|im  long,  making  the  entire  transmission  line  4000|xm  long. 

Since  the  middle  section  does  not  have  signal  conductors  of  equal  width,  the  dif- 
ferential transmission  line  is  considered  to  be  unbalanced.  As  discussed  in  Section  3.1.1, 
the  structural  asymmetry  in  the  coupled  transmission  lines  leads  to  a  lack  of  field  symme- 
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Figure  9-11.     Layout  of  differential  transmission  line  with  unbalanced  step-up  in  conduc- 
tor width. 
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Figure  9- 1 2.     Measured  pure  differential  s-parameters  (DD)  of  structure  of  the  unbal- 
anced step-up  differential  transmission  line,  magnitude  in  dB. 


try.  Hence,  the  even  and  odd-modes  are  no  longer  defined,  being  replaced  by  the  more 
general  c  and  7i-modes. 

The  measured  pure  differential-mode  (DD)  responses  are  shown  in  Figure  9-12. 
The  structure  acts  as  a  reasonably  good  differential-mode  transmission  line,  despite  its 
unbalanced  nature.  The  differential  return  loss  is  quite  good  (especially  when  compared 
to  that  of  the  uniform  transmission  line  of  Section  9. 1 . 1 ),  but  it  does  show  some  periodic 
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Figure  9-13.     Measured  pure  common-mode  s-parameters  (CC)  of  structure  of  the  unbal- 
anced step-up  differential  transmission  line,  magnitude  in  dB. 


variations  indicating  a  Beady-like  effect.  The  minima  in  the  differential  return  loss  of  the 
unbalanced  structure  are  at  slightly  higher  frequencies  than  the  balanced  step  system.  This 
difference  indicates  that  the  differential-mode  electrical  length  of  the  unbalanced  section 
is  less  than  that  of  the  balanced  section  of  the  same  physical  length.  Recall  that  the  differ- 
ential and  common-modes  do  not  actually  exist  on  asymmetrical  structures,  but  that 
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Figure  9-14.     Measured  common-to-differential  mode-conversion  s-parameters  (DC)  of 
structure  of  the  unbalanced  step-up  differential  transmission  line,  magni- 
tude in  dB. 

related  differential  and  common-mode  responses  can  be  defined  (or  measured)  by  use  of  a 
zero-length  symmetric  reference  transmission  line  (see  Appendix  C). 

The  measured  pure  common-mode  (CC)  responses  are  shown  in  Figure  9-13.  The 
common-mode  response  of  the  unbalanced  step  line  is  very  similar  to  that  of  the  balanced 
step  system.  The  most  notable  differences  are  in  the  reflection  parameters,  particularly  at 
low  frequencies.  The  common-mode  return  loss  minima  occur  at  very  slightly  higher  fre- 
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Figure  9-15.     Measured  differential-to-common  mode-conversion  s-parameters  (CD)  of 
structure  of  the  unbalanced  step-up  differential  transmission  line,  magni- 
tude in  dB. 

quencies  in  the  unbalanced  system,  again  indicating  that  the  common-mode  electrical 
length  of  the  unbalanced  section  is  less  than  that  of  the  balanced  section. 

The  measured  mode-conversions  responses  (DC  and  CD)  of  the  unbalanced  struc- 
ture are  shown  in  Figure  9-14  and  Figure  9-15.  The  level  of  conversion  is  higher  in  this 
structure  than  in  the  uniform  or  balanced  step  transmission  lines  (particularly  in  the  reflec- 
tion parameters).  The  mode-conversion  in  reflection  is  particularly  strong.  These  reflec- 
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tion  parameters  exhibit  behavior  that  is  very  similar  to  that  of  a  traditional  Beady  standard. 
Furthermore,  the  mode-conversion  reflections  are  very  similar  to  the  pure  differential- 
mode  reflections.  However,  the  minima  in  the  mode-conversion  reflections  occur  at  lower 
frequencies  than  the  differential-mode.  This  indicates  an  effective  mode-conversion  elec- 
trical length  that  is  higher  than  the  differential-mode.  Alternatively,  the  effective  velocity 
of  propagation  of  the  mode-conversion  is  less  than  that  of  the  differential-mode.  Further- 
more, the  common-mode  propagation  velocity  is  about  half  of  the  differential  mode. 
Hence,  the  mode-conversion  equivalent  propagation  velocity  is  greater  than  the  common- 
mode,  but  less  than  the  differential  mode.  This  relationship  is  consistent  with  the  concepts 
of  mode-conversion.  The  mode-conversion  response  can  be  considered  to  be  one  mode 
for  some  of  its  propagation,  and  the  other  mode  for  the  remainder.  As  a  result  the  effec- 
tive propagation  velocity  of  the  mode-conversion  response  will  be  some  sort  of  average  of 
the  velocities  of  the  two  pure  modes. 

Also  note  that  the  two  directions  of  mode-conversion  are  equal  for  this  structure. 
The  differential-to-common-mode  conversion  (CD)  is  equal  to  the  common-to-differen- 
tial-mode conversions  (DC). 

9.2.  Comparison  Between  Measurements  and  Simulations 

To  illustrate  the  on-wafer  measurement  accuracy  of  the  PMVNA,  two  simple  dif- 
ferential structures  have  been  measured  and  compared  to  simulated  results.  These  struc- 
tures have  been  chosen  because  they  provide  good  examples  of  mixed-mode  behavior, 
such  as  mode  conversion.  Furthermore,  these  structures  can  be  simulated  with  a  reason- 
ably high  degree  of  confidence  in  the  accuracy  of  the  results.  The  results  of  this  section 
have  been  published,  along  with  a  description  of  the  PMVNA  [34]. 


200 

9.2.1.  Unbalanced  Step  Differential  Transmission  Line 

The  first  device,  shown  in  Figure  9-16,  is  an  unbalanced  stepped  impedance 
transmission  line  pair.  In  contrast  to  the  structures  presented  in  Section  9.1,  this  device 
does  not  posses  port  symmetry.  In  other  words,  the  ports  are  not  interchangeable,  as  the 
equivalent  impedance  seen  by  mixed-mode  port  one  is  different  than  that  of  mixed-mode 
port  two.  As  is  Section  9.1  the  structure  is  fabricated  with  thin-film  gold  (4|im  thick 
±0.25p:m)  on  a  polished  alumina  substrate  (er  ~  9.9,  tan8  =  0.001).   The  structure  has  three 
sections  of  different  impedances,  where  Lines  A  and  C  are  pairs  of  nominally  (single- 
ended)  69Q  transmission  lines,  and  Line  B  provides  a  pair  of  transmission  lines  with  dif- 
ferent impedances  (one  72Q  the  other  40£2).  The  lengths  of  the  three  sections  are  shown 
in  Figure  9-16,  and  are  known  ±l|xm.  The  vertical  dimensions  of  the  structure  are  shown 
in  Figure  9-17.  The  fabrication  tolerance  on  the  spaces  between  the  conductors  is  ±l|lm. 

The  structure  of  Figure  9-16  has  been  simulated  in  Hewlett-Packard's  Microwave 
Design  System  (MDS)  [32],  The  simulation  employs  the  five  conductor  coupled  micros- 
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Figure  9-16.     Layout  of  unbalanced  step  differential  transmission  line  for  comparison 
between  measured  and  simulated  results. 
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Figure  9-17.     Detail  layout  of  Figure  9-16  showing  critical  dimensions. 

a)  Detail  of  Lines  A  and  C. 

b)  Detail  of  Line  B. 

trip  transmission  line  model  incorporated  within  MDS  with  the  first,  third  and  fifth  con- 
ductor grounded.  See  Figure  9-18  for  the  schematics  of  this  circuits.  The  transitions 
between  the  sections  of  line  are  modeled  with  the  MDS  microstrip  step-in-width  model, 
but  the  coupling  between  each  step  is  not  modeled.  The  simulation  makes  a  quasi-static 
approximation,  but  includes  metal  losses  (a  =  4.1xl07  S/m)  and  dielectric  losses.  The 
nominal  values  for  all  dimensions  and  physical  properties  are  used  in  all  simulations,  with 
the  exception  of  the  end  sections  (Lines  A,  C).  The  lengths  of  these  sections  are  reduced 
by  the  distance  the  probes  overlap  the  end  of  the  structures.  It  is  assumed  that  the  overlap 
is  25|im  at  each  end,  but  the  actual  probe  overlap  can  vary,  causing  discrepancies  between 
measured  and  simulated  data.  The  simulations  generate  standard  s-parameters  which  are 
converted  to  mixed-mode  s-parameters  through  the  transformation  (3-44). 
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The  corrected  measured  and  simulated  mixed-mode  s-parameters  of  the  asymmet- 
rically stepped  transmission  line  pair  are  plotted  in  Figure  9-19  through  Figure  9-22.  The 
agreement  between  the  measured  and  simulated  data  is  quite  good  across  the  entire  band- 
width. The  measured  and  simulated  data  share  many  of  the  unusual  fine  features  of  the 
responses.  For  example,  the  measured  Scci2  has  several  abrupt  increases  in  insertion  loss 
at  about  6.1  GHz,  12.2  GHz  and  18.3  GHz;  likewise,  the  simulated  data  shows  similar 
responses,  although  at  slightly  lower  frequencies.  Additionally,  the  device  demonstrates  a 
strong  level  of  mode-conversion  (Sdc,  Scd),  and  the  agreement  between  measured  and  sim- 
ulated mode-conversion  indicates  that  the  effects  of  imbalance  in  the  PMVNA  are  largely 
removed  through  calibration. 
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Figure  9-18.     MDS  schematic  of  unbalanced  step  differential  transmission  line  of 
Figure  9-16  for  comparison  between  measured  and  simulated  results. 
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Note  that  both  the  measured  and  simulated  pure  differential  parameters  (Sdd), 
common-mode  parameters  (Scc),  and  mode-conversion  parameters  (Sdc,  Scd)  all  show 
approximately  periodic  variations  across  frequency.  As  discussed  in  Section  9.1,  these 
variations  are  analogous  to  the  effects  of  a  single  transmission  line  with  a  step  in  imped- 
ance. Hence,  each  partition  of  the  mixed-mode  s-parameter  matrix  (Sdd,  Scc,  Sdc,  Scd)  can 
be  interpreted  as  an  effective  single  transmission  line  with  stepped  impedance. 
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Figure  9-20.     Measured  (heavy)  and  simulated  (light)  pure  common-mode  s-parameters 
(CC)  of  structure  of  the  unbalanced  step  differential  transmission  line  of 
Figure  9-16,  magnitude  in  dB. 

By  close  examination  of  Figure  9- 1 9  through  Figure  9-22,  it  is  found  that  only  ten 
of  the  mixed-mode  s-parameters  are  clearly  unique  .  This  is  a  property  of  reciprocal 
devices.  In  contrast,  the  devices  of  Section  9. 1  possessed  only  six  unique  mixed-mode  s- 
parameters.  This  difference  is  due  to  the  fact  that  the  devices  of  Section  9.1  all  possessed 


2.     Random  noise  and  measurement  errors  make  each  parameter  unique  to  some  degree.  In  the 
context  of  this  discussion,  a  unique  parameter  is  one  that  is  substantially  different  than  all  other 
parameters. 
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Figure  9-2 1 .     Measured  (heavy)  and  simulated  (light)  common-to-differential  mode-con- 
version s-parameters  (DC)  of  structure  of  the  unbalanced  step  differential 
transmission  line  of  Figure  9-16,  magnitude  in  dB. 


port  symmetry,  where  the  device  of  Figure  9-16  does  not.  In  general,  it  can  be  shown  that 
for  a  mixed-mode  reciprocal  device,  Smm  =  (Smm)  .  Further  consideration  of  the  proper- 
ties of  mixed-mode  s-parameters  will  be  made  in  Chapter  1 1 . 
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Figure  9-22.     Measured  (heavy)  and  simulated  (light)  differential-to-common  mode-con- 
version s-parameters  (CD)  of  structure  of  the  unbalanced  step  differentia] 
transmission  line  of  Figure  9-16,  magnitude  in  dB. 


9.2.2.  Balanced  Step  Differential  Transmission  Line 

The  second  device,  shown  in  Figure  9-23,  is  an  balanced  stepped  impedance  trans- 
mission line  pair.  Like  the  previous  structure,  this  device  does  not  possess  port  symmetry. 
The  fabrication  details  for  this  device  are  the  same  as  those  of  the  previous  device.  The 
structure  again  has  three  sections  of  different  impedances,  where  Lines  D  and  F  are  pairs 
of  nominally  (single-ended)  69C1  transmission  lines,  and  Line  E  provides  a  pair  of  trans- 
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Figure  9-23.     Layout  of  balanced  step  differential  transmission  line  for  comparison 
between  measured  and  simulated  results. 

mission  lines  with  equal  impedances  (40O).  The  vertical  dimensions  of  the  structure  are 
shown  in  Figure  9-24. 

The  corrected  measured  and  simulated  mixed-mode  s-parameters  of  the  balanced 
step  transmission  line  pair  are  plotted  in  Figure  9-25  through  Figure  9-28.  Again,  the 
agreement  between  measured  and  simulated  data  is  good.  Like  the  unbalanced  structure, 
the  balanced  structure  demonstrates  the  periodic  responses  analogous  to  a  single  transmis- 
sion line  with  a  step  in  impedance.  The  balanced  structure  supports  only  differential  and 
common-mode,  and  hence  no  significant  mode-conversion  occurs.  Referring  to 
Figure  9-27  and  Figure  9-28,  the  measured  mode-conversion  s-parameters  are  small,  and 
are  most  likely  generated  by  probe  crosstalk  and  residual  errors  in  the  calibration. 

From  these  two  structures,  one  can  see  that  the  measured  mixed-mode  s-parame- 
ters compare  well  to  the  simulated  parameters.  This  is  indication  that  the  PMVNA  on- 
wafer  calibration  is  accurate.  Of  course,  the  conclusion  of  accurate  measurement  results 
here  rests  on  the  assumption  of  simulation  accuracy.  The  accuracy  of  the  simulations  can 
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Figure  9-24.     Detail  layout  of  Figure  9-23  showing  critical  dimensions. 

a)  Detail  of  Lines  A  and  C. 

b)  Detail  of  Line  B. 


be  assumed,  at  least  for  this  comparative  exercise,  since  the  models  are  based  on  well- 
established  electromagnetic  solution  methods.  With  the  assumption  of  accurate  simula- 
tion results,  the  good  correlation  of  the  measured  data  becomes  only  necessary,  but  not 
sufficient,  evidence  of  calibration  accuracy.  Due  to  the  lack  of  traceable  metrology  stan- 
dards at  the  wafer  level  (particularly  four-port  standards),  this  sort  of  relative  measures  are 
the  only  means  of  assessing  on-wafer  measurement  accuracy  of  the  PMVNA. 
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Figure  9-25.  Measured  (heavy)  and  simulated  (light)  pure  differential  s-parameters 
(DD)  of  structure  of  the  balanced  step  differential  transmission  line  of 
Figure  9-23,  magnitude  in  dB. 
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Figure  9-26.     Measured  (heavy)  and  simulated  (light)  pure  common-mode  s-parameters 
(CC)  of  structure  of  the  balanced  step  differential  transmission  line  of 
Figure  9-23,  magnitude  in  dB. 
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transmission  line  of  Figure  9-23,  magnitude  in  dB. 


212 


o 
o 

0.0 

■5 

99 

tA 

-a 

~~ '             P3                                                        — ' 

Simu  ate'd                                                          ,Aij[L 

Jul                    u,n 

o        ^^^V 

V/tiM'               M&* 

riEEg     a,     =a^" 

1 0. 1              freq.  (( 

}Hz)         20.1             0.1             freq.  (GHz)         20.1 

o 

o 

^^ 

^ 

c-l 
u 

T3 

a. 

C/l 

*3 

X*W< 

Slc=*              —  - 

I    RjSLrK  CI 

'  0. 1             freq.  (( 

3Hz)         20.1           '0.1              freq.  (GHz)         20.1 

Figure  9-28.     Measured  (heavy)  and  simulated  (light)  differential-to-common  mode-con- 
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transmission  line  of  Figure  9-23,  magnitude  in  dB. 


9.3.  Crosstalk  Between  Differential  Transmission  Lines 


One  of  the  primary  motivations  for  the  use  of  differential  circuits  is  the  inherent 
immunity  of  such  circuits  to  interfering  signals.  In  particular,  differential  circuits  exhibit 
reduced  crosstalk  between  adjacent  circuits  with  respect  to  single-ended  circuits.  As  illus- 
trated in  Section  5.1,  the  crosstalk  between  adjacent  circuits  is  not  eliminated  by  use  of 
differential  topologies;  rather  it  is  reduced. 
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Unintentional  transmission  line  coupling  is  a  major  concern  in  high  density  inte- 
grated circuits.  The  application  of  differential  transmission  line  should  reduce  this  cou- 
pling. However,  it  is  important  to  quantify  the  levels  of  residual  crosstalk  between 
differential  interconnections.  Such  knowledge  is  important  for  understanding  the  limita- 
tions on  differential  circuit-to-circuit  isolation  at  maximum  integration  levels,  or  alterna- 
tively, the  minimum  separation  between  differential  circuits  for  a  desired  level  of 
isolation. 

The  PMVNA  provides  a  unique  capability  for  the  measurement  and  analysis  of 
differential  circuits.  This  capability  can  be  directly  applied  to  make  accurate  measurement 
of  differential  crosstalk.  Such  measurements  have  not  been  possible  before  the  advent  of 
the  PMVNA.  As  a  result,  analysis  of  differential  crosstalk  has  been  previously  limited  to 
indirect  (and  usually  ambiguous)  measurements,  or  to  overly  simplistic  electromagnetic 
simulations.  The  PMVNA  allows  direct  measurement  of  crosstalk  of  differential  systems 
in  a  practical  circuit  implementation.  Furthermore,  the  PMVNA  also  provides  increased 
measurement  dynamic  range  over  traditional  single-ended  equipment,  particularly  for  on- 
wafer  measurements. 

To  begin  the  study  of  differential  transmission  line  crosstalk,  several  experiments 
have  been  fabricated  on  ceramic  substrates.  These  structures  are  generally  larger  than  IC 
implementations,  but  they  provide  insight  nevertheless.  The  experiments  are  primarily  a 
series  of  pairs  of  adjacent  differential  transmission  lines,  with  the  separation  between  the 
differential  transmission  lines  is  varied.  The  experiments  are  divided  into  two  groups:  (1) 
pairs  of  balanced  differential  transmission  lines,  and  (2)  pairs  of  unbalanced  transmission 
lines. 
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9.3. 1 .  Balanced  Differential  Transmission  Lines 

These  experiments  are  a  series  of  pairs  of  differential  transmission  lines  with  vary- 
ing separations  between  the  two  transmission  lines.  Each  differential  transmission  line  is 
terminated  with  a  load  of  nominal  values  of  100Q  differentially  and  25£2  common-mode. 
By  terminating  two  adjacent  differential  transmission  lines  at  opposite  ends,  the  overall 
structure  becomes  a  two-port  mixed-mode  device  which  can  be  measured  with  the 
PMVNA.  The  goal  of  these  experiments  is  to  quantify  the  level  of  crosstalk  between  bal- 
anced differential  transmission  lines.  It  is  a  further  goal  to  find  the  dependence  on  trans- 
mission line  separation  for  crosstalk. 

This  series  of  experiments  are  based  on  the  differential  transmission  line  shown  in 
Figure  9-29.  This  structure  is  meant  to  approximate  a  practical  differential  transmission 
line  in  an  IC  implementation,  where  ground  planes  are  not  interposed  between  the  two  sig- 
nal conductors.  As  can  be  seen  in  Figure  9-29,  the  signal  conductors  of  the  transmission 
line  are  of  equal  width,  so  the  line  is  balanced.  The  signal  conductors  are  designed  to  be 
100(lm  wide  with  100|im  spaces  between  the  signal  conductors  and  grounds,  which 
results  in  a  differential  characteristic  impedance  of  approximately  lOOii  No  attempt  was 
made  to  set  the  common-mode  characteristic  impedance.  The  tapered  separation  of  the 


Figure  9-29.     Layout  of  simple  balanced  differential  transmission  line  without  intermedi- 
ate ground. 
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Figure  9-30.     Measured  pure  differentia]  s-parameters  (DD)  of  structure  of  the  simple 
balanced  differential  transmission  line,  magnitude  in  dB. 


signal  conductors  at  both  ends  of  the  transmission  line  is  required  to  allows  connection 
with  150u.m  pitch  dual  RF  probes.  The  transmission  line  are  4000u.m  long. 

The  measured  results  of  this  transmission  line  are  shown  in  Figure  9-30  through 
Figure  9-33.  The  pure  differential-mode  response,  shown  in  Figure  9-30,  indicates  the 
structure  is  a  reasonably  good  differential  transmission  line.  By  the  periodic  variation  of 
the  differential  return  loss,  it  is  clear  than  the  characteristic  impedance  of  the  line  is  not 
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Figure  9-3 1 .     Measured  pure  common-mode  s-parameters  (CC)  of  structure  of  the  simple 
balanced  differential  transmission  line,  magnitude  in  dB. 


precisely  100£i,  but  it  is  less  than  -20dB  to  above  20  GHz  which  is  acceptable.  The  actual 
differential  characteristic  impedance  is  approximately  97Q  Also,  the  differential  inser- 
tion loss  is  less  than  0.5dB  over  the  entire  measurement  band. 

The  pure  common-mode  response  is  shown  in  Figure  9-31.  As  can  be  seen,  the 
structure  does  not  provide  a  well-matched  common-mode  transmission  line.  This  is  not  a 
concern,  as  practical  IC  implementation  of  differential  transmission  line  will  generally 
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Figure  9-32.  Measured  common-to-differential  mode-conversion  s-parameters  (DC)  of 
structure  of  the  simple  balanced  differential  transmission  line,  magnitude 
indB. 


exhibit  common-mode  characteristic  impedances  far  from  the  match  value  of  25ft  The 
actual  common-mode  characteristic  impedances  of  the  structure  is  45ft 

The  mode-conversions  responses  are  shown  in  Figure  9-32  and  Figure  9-33. 
These  measurements  indicate  that  the  structure  is  well  balanced.  The  mode-conversion 
levels,  both  in  transmission  and  reflection,  are  in  the  -40dB  to  -50dB  range.  These  levels 
could  result  from  probe-to-probe  crosstalk  or  from  residual  errors  in  the  calibration. 
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Figure  9-33.  Measured  differential-to-common  mode-conversion  s-parameters  (CD)  of 
structure  of  the  simple  balanced  differential  transmission  line,  magnitude 
indB. 

In  the  crosstalk  experiments  the  transmission  line  of  Figure  9-29  is  resistively  ter- 
minated at  one  end.  A  test  structure  of  such  a  device  has  been  fabricated,  as  shown  in 
Figure  9-34.  The  terminating  resistors,  made  of  thin  NiCr,  are  design  for  nominal  values 
of  100Q  for  the  differential  mode  and  25£i  for  the  common-mode.  The  fabricated  resis- 
tors have  not  been  tuned,  so  the  actual  values  are  about  10%  low. 

The  structure  of  Figure  9-34  has  been  measured  as  a  mixed-mode  one-port,  and  the 
results  are  plotted  in  Figure  9-35.  From  this  measurement,  one  can  see  that  the  structure  is 
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terminated  reasonably  well  in  the  differential-mode.  This  indicates  that  the  actual  values 
of  the  terminating  resistor  are  close  to  there  nominal  values.  The  common-mode  response 
indicates  a  miss-matched  transmission  line,  as  expected.  The  mode-conversion  responses 
show  that  the  balance  of  the  structure  has  been  preserved. 

The  crosstalk  experiments  are  constructed  through  the  use  of  two  of  the  terminated 
transmission  lines  of  Figure  9-34.  The  first  of  these  experiments  is  shown  in  Figure  9-36. 
The  two  differential  transmission  lines  are  separated  by  600|im,  measured  from  the  center 
of  the  signal  conductor  space  of  the  top  transmission  line  the  that  of  the  bottom.  Since  it  is 
desirable  to  make  the  results  as  general  as  possible,  the  transmission  line  separation  is 
reported  as  a  normalized  value,  where  the  separation  distance  is  divided  by  the  signal  con- 
ductor width.  This  choice  of  normalization  does  not  make  the  results  completely  indepen- 
dent of  the  physical  dimensions  of  the  structures,  however.  For  example,  the  substrate 
height,  relative  to  the  conductor  width,  will  also  influence  the  responses  of  these  struc- 
tures, particularly  the  common-mode  responses.  The  separation  ratio  of  Figure  9-36  is 
six.   The  remaining  crosstalk  experiments  are  shown  in  Figure  9-37  through  Figure  9-39. 
The  separation  ratios  of  these  structures  are  ten,  fifteen,  and  twenty. 


Figure  9-34.     Layout  of  terminated  simple  balanced  differential  transmission  line  with- 
out intermediate  ground. 
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Figure  9-35.     Measured  one-port  mixed-mode  reflection  s-parameters  of  structure  of  the 
terminated  simple  balanced  differential  transmission  line,  magnitude  in  dB. 


The  measured  mixed-mode  s-parameters  from  these  four  structures  are  presented 
in  Figure  9-40  through  Figure  9-43.  The  s-parameters  of  the  four  structures  are  overlaid  in 
each  of  the  figures.  Figure  9-40  contains  the  pure  differential-mode  response  of  the  four 
crosstalk  experiments.  The  differential  transmission,  SM2\  ar>d  Sddl2-  represents  the 
crosstalk  level  between  the  transmission  lines  (in  the  differential-mode  only).  The  differ- 
ential crosstalk  clearly  indicates  a  dependence  on  the  separation  ratio,  as  expected,  with 
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Figure  9-36.  Layout  of  differential-to-differentia]  crosstalk  experiment  with  simple  dif- 
ferential transmission  line  (without  intermediate  ground)  and  transmission 
lines  separated  by  600nm  (D/W=6). 


Figure  9-37.  Layout  of  differential-to-differentia]  crosstalk  experiment  with  simple  dif- 
ferential transmission  line  (without  intermediate  ground)  and  transmission 
lines  separated  by  lOOOum  (D/W=10). 


the  closest  transmission  lines  having  the  highest  levels  of  crosstalk.  The  differential 
reflection  parameters,  Sdd|  |  and  Sdd22.  show  a  very  slight  dependence  on  the  separation 
ratio  (note  the  difference  in  scales).  The  reflection  response  of  the  widest  separation  is 
essentially  equal  to  that  of  the  single  terminated  transmission  line  of  Figure  9-34.  The 
lack  of  a  strong  dependence  of  the  reflection  parameters  of  the  separation  indicates  that, 
even  with  a  small  separation,  the  differential  transmission  lines  are  only  weakly  coupled. 
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Figure  9-38.  Layout  of  differential-to-differential  crosstalk  experiment  with  simple  dif- 
ferential transmission  line  (without  intermediate  ground)  and  transmission 
lines  separated  by  1500nm  (D/W=15). 


Figure  9-39.  Layout  of  differential-to-differential  crosstalk  experiment  with  simple  dif- 
ferential transmission  line  (without  intermediate  ground)  and  transmission 
lines  separated  by  2000um  (D/W=20). 
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Figure  9-40.     Measured  pure  differential  s-parameters  (DD)  of  structures  of  Figure  9-36 
to  Figure  9-39,  magnitude  in  dB.  Note  the  different  scales. 


It  is  important  to  note  that  the  transmission  parameters  represent  the  crosstalk  of  the  struc- 
ture only  while  terminated  with  reference  impedances.  The  effect  of  termination  imped- 
ances on  crosstalk  can  be  found  by  calculating  the  transducer  power  gain  (or  voltage  gain 
if  desired)  with  the  pure-differential  s-parameters.  More  details  of  this  type  of  calculation 
will  be  given  in  Chapter  1 1. 
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Figure  9-4 1 .     Measured  pure  common-mode  s-parameters  (CC)  of  structures  of 
Figure  9-36  to  Figure  9-39,  magnitude  in  dB. 


The  pure  common-mode  responses  of  the  crosstalk  experiments  are  shown 
together  in  Figure  9-41.  The  common-mode  transmission,  Scc2i  and  5ccl2,  represents  the 
common-mode  crosstalk  between  the  transmission  lines  with  reference  terminations.  In  a 
practical  differential  circuit,  the  common-mode  crosstalk  physically  represents  the  extent 
to  which  an  undesired  common-mode  signal  (such  as  noise  from  a  power  supply)  can  be 
coupled  into  an  adjacent  differential  circuit  (as  a  common-mode  signal).  Several  observa- 
tions can  be  made  about  the  common-mode  crosstalk.  First,  it  is  generally  at  a  higher 
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Figure  9-42.     Measured  common-to-differential  mode -conversion  s-parameters  (DC)  of 
structures  of  Figure  9-36  to  Figure  9-39,  magnitude  in  dB. 


level  than  the  differential  mode  crosstalk.  Second,  the  periodic  nature  of  both  the  trans- 
mission and  reflection  illustrate  the  dependence  of  crosstalk  on  impedance  levels.  Varia- 
tions in  magnitudes  of  common-mode  reflections  indicate  impedance  levels  along  the 
transmission  line  are  also  changing.  Corresponding  to  these  impedance  changes  are  also 
changes  in  the  common-mode  crosstalk. 
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Figure  9-43.     Measured  differential-to-common  mode-conversion  s-parameters  (CD)  of 
structures  of  Figure  9-36  to  Figure  9-39,  magnitude  in  dB. 


The  mode-conversion  responses  of  the  crosstalk  experiments  are  plotted  in 
Figure  9-42  and  Figure  9-43.  The  levels  of  mode-conversion  exhibited  by  the  crosstalk 
experiments  is  significantly  higher  than  those  of  the  single  differential  transmission  line 
structure  of  Figure  9-29.  This  difference  is  due  to  an  imbalance  that  has  been  introduced 
in  the  crosstalk  experiments.  In  the  crosstalk  experiment  structures,  the  differential  trans- 
mission lines  have  a  ground  plane  near  only  one  of  the  signal  conductors.  In  contrast,  the 
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Figure  9-44.     Measured  mixed-mode  transmission  s-parameters  (S2|)  as  a  function  of 

separation  distance,  at  1 0  GHz  (heavy)  and  1 .0  GHz  (light),  of  structures  of 
Figure  9-36  to  Figure  9-39,  magnitude  in  dB. 


single  differential  transmission  line  in  Figure  9-29  has  ground  planes  equal  distances  from 
each  signal  conductor.  This  oversight  in  the  crosstalk  experiment  design  results  in  errone- 
ously high  mode-conversion  levels.  As  a  result,  it  is  difficult  to  make  any  quantitative 
conclusions  about  the  effects  of  mode-conversion  on  crosstalk.  Nevertheless,  it  is  instruc- 
tive to  consider  the  physical  meaning  of  transmissive  mode-conversion  in  crosstalk  situa- 
tions. Consider  the  common-to-differential  conversion,  5dc2i.  This  term  represents  the 
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level  at  which  a  common-mode  (undesired)  signal  on  one  transmission  line  is  converted 
into  a  differential  signal  on  an  adjacent  line.  This  type  of  conversion  is  particularly  unde- 
sirable since  the  differential  circuit  is  designed  to  respond  to  differential  signals.  When  a 
common-mode  interfering  signal  is  converted  into  a  differential-mode  signal,  the  interfer- 
ing signal  is  effectively  injected  into  the  adjacent  differential  circuit.  This  injection  of  the 
interfering  signal  negates  the  isolation  advantages  of  differential  topologies  to  some 
extent.  As  it  has  been  demonstrated,  imbalance  in  a  differential  system  generates  mode- 
conversion.  Therefore,  imbalance  can  greatly  reduce  the  isolation  effectiveness  of  differ- 
ential transmission  lines. 

To  better  understand  the  relationship  of  circuit  separation  to  crosstalk  strength,  the 
four  unique  transmission  parameters  of  the  crosstalk  experiments,  S^l-  SCc2l'  S<jc2i  and 
5C(j2|,  have  been  plotted  as  a  function  of  the  separation  ratio,  D/W,  in  Figure  9-44.  These 
crosstalk  parameters  have  been  plotted  for  1  GHz  and  10  GHz.  In  all  but  one  case,  the 
magnitudes  of  the  crosstalk  parameters  decrease  monotonically  with  increasing  separation 
ratio,  as  is  expected.  The  one  exception  is  the  differential  crosstalk  at  1  GHz,  which 
increases  as  the  separation  increases.  By  inspecting  Figure  9-40,  it  is  observed  a  deep 
minimum  occurs  in  S^i  near  I  GHz.  This  null  is  most  likely  due  to  some  unexpected 
parasitic  behavior  of  the  structures.  Quantitative  conclusions  about  crosstalk  near  the  null 
are  not  reliable. 

In  general,  it  can  be  seen  that  the  differential  crosstalk  at  higher  frequencies  does 
decrease  as  a  function  of  separation.  However,  the  rate  of  decrease  with  separation  is  not 
at  the  rate  one  might  expect,  particularly  in  light  of  the  measurements  of  Section  5.1.  In 
Section  5.1,  it  was  shown  that  probe-to-probe  crosstalk  has  a  1/d3  dependence  on  separa- 
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tion.  The  differential  transmission  line  systems  of  this  section  show  a  much  weaker 
dependence  on  separation.  The  cause  of  this  difference  is  found  in  the  means  by  which  the 
coupling  occurs.  The  probe-to-probe  coupling  is  a  high  impedance  effect;  that  is,  the  cou- 
pling mechanism  is  primarily  the  electric  field.  With  the  adjacent  differential  transmission 
lines,  the  primary  coupling  mechanism  is  the  magnetic  field  (low-impedance  effects). 
Each  differential  transmission  line  creates  a  relatively  large  loop  through  which  magnetic 
fields  pass.  This  magnetic  field  coupling,  in  combination  with  the  residual  electric  field 
coupling,  and  the  distributed  nature  of  transmission  lines,  result  in  an  overall  crosstalk 
profile  that  is  weaker  than  the  expected  1/d  dependence  on  separation.  This  behavior  in 
differential  transmission  lines  has  given  rise  to  the  so-called  twisted-pair  transmission 
line,  which  greatly  reduces  the  magnetic  coupling  between  adjacent  differential  transmis- 
sion lines  [5],  This  suggests  the  need  for  analogous  "twisted"  differential  transmission 
line  structures  for  IC  applications. 

Despite  the  magnetic  coupling,  the  differential  transmission  lines  still  provide  iso- 
lation advantage  over  single-ended  transmission  line  systems.  By  comparing  the  pure  dif- 
ferential-mode transmission  to  that  of  the  common-mode  (5cc2i),  one  can  see  the  crosstalk 
advantages  of  the  untwisted  differential  transmission  system.  The  common-mode 
crosstalk  is  essentially  the  same  as  single-ended  crosstalk.  Care  must  be  taken  in  this 
comparison,  however,  since  crosstalk  in  any  interconnection  system  is  a  function  of  termi- 
nation impedances.  The  behavior  of  Scc2|  versus  separation  shows  that  single-ended 
transmission  line  crosstalk  decreases  slower  than  differential  crosstalk,  so  that  at  DAV=20, 
the  differential  system  has  a  30  dB  advantage  at  1  GHz  and  20  dB  at  10  GHz.  Therefore, 
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it  can  be  concluded  generally  that  the  untwisted  differential  transmission  line  systems 
have  lower  crosstalk  than  single-ended  systems. 
9.3.2.  Unbalanced  Differential  Transmission  Lines 

To  study  the  effects  of  imbalance  on  differential  transmission  line  crosstalk,  a 
series  of  experiments  have  been  designed  with  unbalanced  differential  transmission  lines. 
Like  the  previous  section,  these  experiments  are  a  series  of  pairs  of  differential  transmis- 
sion lines  with  varying  separations  between  the  two  transmission  lines.  In  this  case,  one 
of  the  transmission  lines  have  and  unbalanced  step-up  in  signal  conductor  width.  The 
unbalanced  transmission  line  in  these  experiments  in  shown  in  Figure  9-45.  The  wide  sec- 
tion is  125(lm  wide,  leaving  a  space  between  signal  conductors  of  87p.m.  All  other  dimen- 
sions are  the  same  as  in  the  previous  section. 

The  measured  mixed-mode  s-parameters  of  the  unbalanced  step  are  shown  in 
Figure  9-46  through  Figure  9-49.  From  these  figures,  it  can  be  seen  that  the  step  in  width 
has  strongly  effected  the  pure-common  mode  and  mode-conversion  responses  and  the 
pure  differential-mode  response  to  a  lesser  extent.  The  most  pertinent  changes  are  in  the 
mode-conversion  parameters  which  clearly  show  the  imbalance  of  the  transmission  line. 


Figure  9-45.     Layout  of  simple  differential  transmission  line  with  an  unbalanced  step  in 
conductor  width,  without  intermediate  ground. 
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Figure  9-46.     Measured  pure  differential  s-parameters  (DD)  of  structure  of  the  simple 
differential  transmission  line  with  an  unbalanced  step  in  conductor  width, 
magnitude  in  dB. 


Comparing  the  mode-conversion  responses  of  Figure  9-48  and  Figure  9-49  to 
Figure  9-44,  one  can  see  the  mode-conversion  of  the  unbalanced  transmission  line  are  on 
the  same  order  as  those  of  the  crosstalk  experiments  with  balanced  transmission  lines  in 
the  previous  section.  The  mode-conversion  of  the  balanced  transmission  experiments  is 
caused  by  unintentional  imbalances  in  the  layouts.  The  crosstalk  experiments,  shown  in 
Figure  9-50  to  Figure  9-53,  have  the  same  unintentional  imbalances,  which  will  cause 
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Figure  9-47.     Measured  pure  common-mode  s-parameters  (CC)  of  structure  of  the  simple 
differential  transmission  line  with  an  unbalanced  step  in  conductor  width, 
magnitude  in  dB. 

similar  levels  of  mode-conversion.  This  indicates  that  the  crosstalk  effects  of  the  inten- 
tional imbalance  will  be  masked  by  those  of  the  unintentional  imbalances. 

Nevertheless,  the  four  unique  transmission  parameters  of  the  crosstalk  experi- 
ments, Sdd2i,  SCc2l>  Sdc2i  and  Scd2i,  have  been  plotted  as  a  function  of  the  separation  ratio, 
DAV,  in  Figure  9-54.  Like  the  previous  section,  the  crosstalk  parameters  have  been  plotted 
for  1  GHz  and  10  GHz.  The  masking  of  the  intention  mode-conversion  effects  is  evident 
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Figure  9-48.     Measured  common-to-differentiai  mode-conversion  s-parameters  (DC)  of 
structure  of  the  simple  differential  transmission  line  with  an  unbalanced 
step  in  conductor  width,  magnitude  in  dB. 

by  comparing  the  conversion  parameters  of  Figure  9-54  to  those  of  Figure  9-44.  Despite 
the  imbalance  in  the  transmission  line  signal  conductors,  the  mode-conversion  levels  in  the 
crosstalk  experiments  are  unchanged.  Due  to  these  difficulties  no  quantitative  conclusions 
can  be  drawn  about  the  dependence  of  mode-conversion  crosstalk  upon  separation. 
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Figure  9-49.     Measured  differential-to-common  mode-conversion  s-parameters  (CD)  of 
structure  of  the  simple  differential  transmission  line  with  an  unbalanced 
step  in  conductor  width,  magnitude  in  dB. 
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Figure  9-50.     Layout  of  differential-to-differential  crosstalk  experiment  with  simple  dif- 
ferential transmission  line  with  an  unbalanced  step  in  conductor  width 
(without  intermediate  ground)  and  transmission  lines  separated  by  600(im 
(D/W=6). 


Figure  9-5 1 .     Layout  of  differential-to-differential  crosstalk  experiment  with  simple  dif- 
ferential transmission  line  with  an  unbalanced  step  in  conductor  width 
(without  intermediate  ground)  and  transmission  lines  separated  by  1000|lm 
(D/W=10). 
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Figure  9-52.     Layout  of  differential-to-differential  crosstalk  experiment  with  simple  dif- 
ferential transmission  line  with  an  unbalanced  step  in  conductor  width 
(without  intermediate  ground)  and  transmission  lines  separated  by  1500|lm 
(D/W=15). 


Figure  9-53.     Layout  of  differential-to-differential  crosstalk  experiment  with  simple  dif- 
ferential transmission  line  with  an  unbalanced  step  in  conductor  width 
(without  intermediate  ground)  and  transmission  lines  separated  by  2000u.m 
(D/W=20). 
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Figure  9-54.     Measured  mixed-mode  transmission  s-parameters  (52i)  of  the  simple  differ 
ential  transmission  line  with  an  unbalanced  step  in  conductor  width  as  a 
function  of  separation  distance,  at  1 0  GHz  (heavy)  and  1 .0  GHz  (light),  of 
structures  of  Figure  9-50  to  Figure  9-53,  magnitude  in  dB. 


Regardless  of  the  problems  with  the  experiments  of  this  section  and  Section  9.3. 1 , 
several  important  conclusions  about  differential  transmission  line  crosstalk  can  be  made. 
First,  the  PMVNA  provides  a  means  by  which  the  crosstalk  of  differential  systems  can  be 
directly  and  accurately  measured.  Second,  with  PMVNA  measurements,  Sdd21  represents 
the  differential  crosstalk.  This  type  of  crosstalk  is  usually  the  most  important  in  differen- 
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tial  circuit  applications.  Third,  5cc2i  is  the  transmission  level  of  an  undesired  common- 
mode  signal  from  one  differential  transmission  line  to  an  adjacent  line.  Fourth,  mode-con- 
version crosstalk,  Sct|2i  and  5jc2i,  can  significantly  reduce  the  isolation  effectiveness  of 
differential  systems.  This  is  done  by  converting  an  undesired  common-mode  signal  from 
one  differential  transmission  line  to  an  undesired  differential  signal  on  an  adjacent  line  (in 
the  case  of  5jC2i,  and  the  reverse  in  the  case  of  SC(j2i).  Fifth,  the  transmission  parameters 
(Sdd2l>  SCc2b  etc)  are  equal  to  the  actual  crosstalk  in  a  system  only  when  that  system  is 
terminated  at  the  source  and  load  with  the  reference  impedances.  If  the  actual  circuits 
have  other  termination  impedances,  the  actual  crosstalk  can  be  calculated  with  the  use  of 
the  mixed-mode  s-parameters. 


CHAPTER  10 
PASSIVE  INTEGRATED  CIRCUIT  STRUCTURES 


This  chapter  presents  a  series  of  RF  differential  structures  that  are  fabricated  with  a 
silicon  IC  process.  The  structures  are  designed  to  provide  practical  examples  of  RF  IC 
interconnections  for  differential  circuits.  Moreover,  this  chapter  provides  original  studies 
of  IC  interconnection  crosstalk  using  mixed-mode  s-parameter  concepts  in  measurement 
and  analysis.  The  majority  of  presented  experiments  are  based  on  transmission  lines 
structures,  including  traditional  single-ended  transmission  lines  and  a  variety  of  differen- 
tial transmission  lines.  These  experiments  are  designed  primarily  to  assess  the  line-to-line 
coupling  of  such  transmission  lines  on  a  silicon  IC,  but  some  consideration  is  also  given 
the  mode-specific  transmission  performance  of  these  structures.  Finally,  the  coupling 
between  probe  pads  will  be  studied  a  function  of  two  dimensions. 

All  structures  were  fabricated  on  a  silicon  substrate  using  the  IC  processing  facili- 
ties of  the  University  of  Florida  Microelectronics  Laboratory.  All  design,  mask  genera- 
tion, and  IC  processing  was  done  by  the  author.  The  IC  process  is  shown  schematically  in 
cross-section  of  Figure  10-1.  The  final  wafer  has  two  metal  layers,  polysilicon  diffused 
resistors,  and  an  implanted  substrate  surface.  The  original  substrate  was  three  inches  in 
diameter,  and  had  a  resistivity  of  approximately  100  Q-cm.  Ion  implantation  (dose  of 
3.3  x  10     cm    of  boron  at  30  KeV)  decreased  the  surface  resistivity  to  approximately 
0. 1  ti-cm.  A  first  layer  of  oxide  was  thermally  grown  on  the  implanted  surface.  After  all 
processing,  this  oxide  was  approximately  1  KA.  Substrate  contacts  were  defined  by  wet 
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etching  a  photo-lithographically  defined  opening  in  the  thermal  oxide.  A  resistor  layer 
was  implemented  with  a  layer  of  doped  polysilicon  (with  a  sheet  resistance  of  approxi- 
mately 50  £i/square).  A  second  layer  of  oxide,  5  KA  thick,  was  deposited  on  top  of  the 
photo-defined  polysilicon  layer.  The  first  metal  layer  was  formed  by  electron  beam  evap- 
oration of  aluminum,  5  KA  thick,  directly  on  to  the  photo-defined  polysilicon  layer.  A 
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Figure  10-1.     Cross  section  of  IC  structure.  (Not  to  scale) 
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third  layer  of  oxide,  1 5  KA  thick,  was  deposited  on  top  of  the  photo-defined  first  metal 
layer.  Contacts  to  the  first  metal  were  also  defined  by  wet  etching  photo-defined  vias 
through  the  third  oxide.  The  second  metal  layer  was  formed  by  electron  beam  evaporation 
of  aluminum,  20  KA  thick,  on  to  the  third  oxide  layer. 

It  was  assumed  that  sufficient  ohmic  metal-to-silicon  and  metal-to-metal  contacts 
were  established  through  physical  contact  of  the  materials  during  fabrication.  This 
assumption  is  clearly  not  optimal,  but  its  adoption  was  dictated  by  processing  limitations. 
The  risk  of  poor  inter-layer  contacts  was  particularly  high  for  the  first-to-second-metal 
contact,  where  a  thin  oxide  readily  forms  on  the  surface  of  bare  aluminum  when  exposed 
to  air.  These  risks  were  accepted  due  to  processing  limitations,  and  efforts  were  made  to 
reduce  the  oxidation  of  the  aluminum  (such  as  storing  the  wafers  in  a  small  air-tight  con- 
tainer between  processing  steps,  and  minimizing  the  time  between  critical  processing 
steps).  Despite  these  efforts,  the  finished  wafers  exhibited  poor  contact  resistance  for  both 
the  first-to-second-metal  contact  and  the  first-metal-to-polysilicon  contact.  The  contact 
resistance  for  a  small  via  (20p.m  by  20p.m)  was  on  the  order  of  100KQ  This  high  contact 
resistance  rendered  some  experiments  unusable. 

The  problems  with  inter-layer  contacts  being  foreseen,  several  experiments  were 
designed  to  be  useful  even  with  poor  contacts.  These  experiments  are  constructed  either 
entirely  from  one  metal  layer  or  from  two  metal  layers  where  interconnections  are  not 
required.  These  structures  were  successfully  fabricated,  and  the  results  are  presented  in 
the  following  sections.  All  measurements  presented  in  this  chapter  were  made  with  256 
averages  and  half-leakage  correction. 
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Figure  10-2.     Map  of  wafer  with  groups  of  experiment  shown  as  rectangles,  and  mea- 
sured experiments  indicated  with  heavy  lines. 


The  layout  of  the  entire  wafer  is  summarized  in  Figure  10-2.  Each  rectangle  repre- 
sents a  series  of  experiments  on  a  particular  transmission  line  structure.  The  transmission 
line  experiments  consist  primarily  of  a  pair  of  terminated  transmission  lines  with  varying 
line-to-line  separation.  The  layout  cell  name  is  shown  in  each  rectangle.  For  example, 
"array  _diffml"  is  the  series  of  experiments  using  simple  uniform  differential  transmis- 
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sion  lines  formed  in  first  metal.  The  heavy  lines  of  some  rectangles  indicate  that  these 
experiments  have  been  measured,  and  the  results  are  summarized  in  this  chapter. 

The  structures  presented  in  this  chapter  are  grouped  into  several  categories.  The 
first  presented  are  transmission  line  structures  without  a  metal  ground  plane.  This  is  fol- 
lowed by  a  study  of  similar  structures  with  ground  metal  ground  planes.  The  effect  of 
unbalanced  transmission  lines  on  crosstalk  is  next  examined.  A  series  of  new  structures, 
called  vertical  differential  transmission  lines  is  then  presented.  The  chapter  is  concluded 
with  a  study  of  crosstalk  between  probe  pads. 

10.1.  Transmission  Lines  without  Metal  Ground  Planes 

This  set  of  experiments  examines  the  crosstalk  performance  of  transmission  lines 
when  only  the  semi-conductor  substrate  is  available  for  a  ground  plane.  These  structures 
are  termed  "without  metal  ground  planes"  in  contrast  to  the  series  of  experiments  in  the 
following  section  (Section  10.2).  This  type  of  transmission  line  is  very  common  in 
today's  ICs,  where  a  single  metal  runner  is  used  as  an  interconnection.  With  these  struc- 
tures, the  semi-conductor  substrate  unavoidable  becomes  part  of  the  transmission  line. 
These  experiments  examine  the  basic  RF  transmission  performance  of  such  single-ended 
transmission  line  using  the  substrate  as  the  ground  plane,  as  well  as  the  line-to-line 
crosstalk  of  such  structures.  These  single-end  structures  are  contrasted  to  differential 
transmission  line  structures,  also  without  a  metal  ground  plane. 
1 0. 1 . 1 .  Single-Ended  Transmission  Lines 

The  layouts  of  the  experiments  of  single-ended  transmission  lines  without  metal 
ground  planes  are  shown  in  Figure  10-3.  Each  transmission  line  is  10  mm  long  (not 
including  the  100  (im  square  probe  pads),  and  the  signal  conductors  are  20  |im  wide.  For 
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this  experiment,  the  signal  conductors  are  formed  in  first  metal.  The  crosstalk  experi- 
ments are  formed  from  two  terminated  transmission  line  placed  with  a  certain  separation. 
The  separation  is  measured  from  the  center  of  one  transmission  line  conductor  to  the  cen- 
ter of  that  of  the  adjacent  transmission  line.  This  center-to-center  distance  is  divided  by 
the  conductor  width  to  create  a  normalized  separation  distance  (D/W).  The  transmission 
lines  were  intended  to  be  terminated  to  the  substrate  via  a  50S2  polysilicon  resistor,  but 
contact  problems  render  the  terminations  as  open-circuits.  This  deviation  from  the  design 
goal  does  not  invalidate  the  experiments,  however.  Rather,  the  results  of  these  experi- 
ments are  valid,  but  must  be  interpreted  in  the  context  of  high  impedance  terminations. 
For  the  crosstalk  experiments,  the  separation  ratio  is  varied  through  the  series  of 
structures,  and  the  crosstalk  between  the  transmission  lines  has  been  measured  with  the 
PMVNA.  In  this  case,  four-port  s-parameters  have  been  generated,  and  the  data  associ- 
ated with  the  unused  pads  has  been  ignored.  A  single-ended  transmission  line  has  been 
provided  with  both  ends  connected  to  probe  pads.  The  basic  RF  transmission  performance 
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Figure  10-3.     Layout  of  test  structures  for  single-ended  transmission  lines. 
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can  be  established  through  direct  measurement  of  the  single-ended  transmission  line  with- 
out a  metal  ground  plane. 

The  measured  results  of  these  single-ended  experiments  are  summarized  in 
Figure  10-4,  Figure  10-5,  and  Figure  10-9.  Figure  10-4  shows  the  magnitude  in  dB  of  the 
two-port  s-parameters  of  the  transmission  line  from  45  MHz  to  5  GHz.  Figure  10-5  shows 
the  s-parameters  in  polar  form,  indicating  linear  magnitudes  and  phases  as  a  function  of 
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Figure  10-4.     Measured  s-parameters  of  single-ended  transmission  line,  magnitude  in  dB 
versus  frequency. 
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Figure  10-5.     Measured  s-parameters  of  single-ended  and  differential  transmission  line, 
linear  magnitudes  and  phase  versus  frequency  in  polar  plots. 


frequency.  From  these  two  figures,  it  is  apparent  that  this  structure  has  very  poor  RF 
transmission  qualities.  Poor  substrate  contact  may  be  a  contributing  factor  in  the  struc- 
ture's poor  performance,  but  it  is  most  likely  primarily  due  to  poor  ground  plane  conduc- 
tivity at  RF.  It  is  concluded  that  the  use  of  the  silicon  substrate  as  a  ground  plane  is  the 
primary  source  of  the  poor  performance.  This  conclusion  is  supported  by  the  literature 
[87].  The  structure  of  the  single-ended  transmission  line  with  a  doped  silicon  semi-con- 
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ducting  substrate  causes  complex  behavior  as  a  function  of  substrate  resistivity  and  fre- 
quency. This  structure  supports  three  distinct  modes:  the  skin-effect  mode,  the  slow-wave 
mode,  and  dielectric  quasi-TEM  mode  [87].  These  mode  do  not  necessarily  have  desir- 
able transmission  line  performance.  The  modes  can  occur  in  various  combinations  as  the 
frequency  of  operation  changes  for  a  given  structure,  thus  causing  unexpected  and  abrupt 
changes  in  the  effective  transmission  line  characteristic  impedance,  propagation  velocity, 
and  loss.  As  a  result,  single  conductors  over  a  silicon  substrate  do  not  generally  make  rea- 
sonable RF  transmission  lines. 

The  results  of  the  line-to-line  crosstalk  for  the  single-ended  transmission  line  are 
summarized  in  Figure  10-9  of  the  next  section.  As  can  be  seen,  this  single-ended  structure 
exhibits  very  high  levels  of  crosstalk.  The  crosstalk  magnitude  decreases  about  15  dB 
over  a  decade  of  separation  increase.  This  indicates  that  crosstalk  between  single-ended 
lines  has  dependence  on  separation  approximately  proportional  to  1/d. 
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Figure  10-6.     Layout  of  test  structures  for  simple  uniform  differential  transmission  lines. 
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10. 1 .2.  Simple  Uniform  Differential  Transmission  Line 

The  layouts  of  the  experiments  of  simple  uniform  differential  transmission  lines 
without  metal  ground  planes  are  shown  in  Figure  10-6.  Like  the  prior  structures,  each 
transmission  line  is  10  mm  long.  The  signal  conductors  are  each  20  |Xm  wide  with  a 
20  |lm  space  between  conductors.  The  signal  conductors  are  formed  in  first  metal,  so 
there  is  no  metal  ground  plane  under  the  differential  transmission  lines.  Additionally,  the 
transmission  lines  have  a  constant  cross-section  over  their  length.    The  lack  of  a  distinct 
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Figure  10-7.     Measured  s-parameters  of  a  simple  uniform  differential  transmission  line. 
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Figure  10-8.     Measured  s-parameters  of  a  simple  uniform  differential  transmission  line, 
magnitudes  and  phase. 

ground  plane,  and  the  uniform  structure  of  these  lines  warrant  the  name  of  "simple  uni- 
form" differential  transmission  lines. 

A  directly  measurable  differential  transmission  line  has  also  been  provided  in  this 
series  of  experiments.  The  response  of  this  structure,  as  measured  by  the  PMVNA,  is 
illustrated  in  Figures  10-7  and  10-8.  Figure  10-7  shows  the  magnitudes  in  dB  of  the  pure 
differential-mode  and  pure  common-mode  s-parameters.  Figure  10-8  shows  the  same 
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parameters  in  polar  form.  The  mode-conversion  responses  of  the  transmission  line  are  not 
shown,  but  the  conversions  magnitudes  are  less  than  -20  dB,  indicating  a  reasonable 
degree  of  balance.  Both  of  these  figures  illustrate  the  basic  advantage  of  differential  trans- 
mission lines  as  IC  interconnections.  The  differential  RF  performance  of  the  line,  despite 
the  lack  of  a  discernible  ground  plane,  is  acceptable.  In  this  case,  the  differential  charac- 
teristic impedance  is  approximately  32ii  The  differential-mode  also  shows  low  disper- 
sion and  low  loss  (in  comparison  to  the  common-mode).  In  contrast,  the  common-mode 
behavior  is  poor  and  not  useful  in  RF  applications.  The  behavior  of  the  common-mode  is 
very  similar  to  that  of  the  single-ended  transmission  line,  and  is  influenced  by  the  same 
physical  factors.  In  particular,  the  lack  of  a  distinct  ground  plane  has  caused  the  common- 
mode  RF  transmission  performance  to  be  poor. 

The  crosstalk  experiments  are  formed  from  two  terminated  differential  transmis- 
sion lines  placed  with  a  certain  separation.  In  this  case,  the  separation  is  measured  from 
the  center  of  the  space  between  the  conductors  of  one  differential  transmission  line  to  of 
that  of  the  adjacent  differential  transmission  line.  This  center-to-center  distance  is  divided 
by  the  width  of  a  single  conductor  to  create  the  normalized  separation  distance  (D/W). 
The  transmission  lines  were  intended  to  be  terminated  with  a  100£i  polysilicon  resistor, 
but  contact  problems  also  rendered  these  as  open-circuits.  Again,  the  results  of  these 
experiments  must  be  interpreted  in  the  context  of  high  impedance  terminations. 

The  measured  line-to-line  crosstalk  of  the  simple  uniform  differential  transmission 
line  is  summarized  in  Figure  10-9.  This  figure  shows  the  differential-mode  and  common- 
mode  crosstalk  at  1 .0  GHz  as  a  function  of  the  normalized  line  separation.  Like  the  previ- 
ous chapter,  crosstalk  is  measured  as  the  magnitude  of  the  transmission  between  the  adja- 
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cent  lines  (i.  e.  S^b  ^cc2l- etc-)  A'so  snown  >n  Figure  10-9  is  the  line-to-line  crosstalk  of 
the  single-ended  transmission  line  without  a  metal  ground  plane.  This  plot  clearly  shows 
the  reduction  of  crosstalk  in  the  differential-mode  in  comparison  to  the  common-mode 
and  the  single-ended  line.  At  larger  separation  ratios  (greater  than  20),  the  differential 
crosstalk  decreases  about  50  dB  per  decade  of  separation  increase.  This  rate  of  decrease  is 
indicates  a  functional  dependence  on  separation  nearly  equal  to  the  theoretical  limit  of 
1/d  .  The  common-mode  crosstalk,  although  not  monotonic,  decreases  at  a  rate  of  approx- 
imately 20  dB  per  decade  of  separation  increase.  The  common-mode  crosstalk  is  again 
similar  to  that  of  the  single-ended  transmission  line. 

The  differential  transmission  line,  even  without  a  distinct  ground  plane,  has  signif- 
icant crosstalk  advantages  for  IC  interconnections.  At  a  separation  ratio  of  one  hundred, 
the  differential-mode  crosstalk  is  nearly  60  dB  less  than  the  common-mode,  and  nearly 
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Figure  10-9.  Measured  line-to-line  crosstalk,  at  1.0  GHz,  for  single-ended  and  simple 
uniform  differential  transmission  lines  (both  without  ground  planes)  as  a 
function  of  line  separation. 
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70  dB  less  than  that  of  the  single-ended  transmission  line.  The  differential  transmission 
line  retains  crosstalk  advantages  at  small  separations.  Even  at  a  separation  ratio  of  five 
(which  corresponds  to  40  |lm  edge-to-edge  separation  between  adjacent  transmission 
lines,  equal  to  twice  the  conductor  spacing  of  a  differential  transmission  line),  the  differ- 
ential-mode crosstalk  is  20  dB  less  than  the  crosstalk  between  two  single-ended  transmis- 
sion lines. 

This  measured  evidence  is  in  contrast  to  the  results  of  Section  9.3.  The  structures 
of  Section  9.3  provided  only  slight  reduction  of  crosstalk  in  the  differential  mode  com- 
pared to  that  of  the  common-mode.  The  reason  for  this  discrepancy  is  two-fold.  First,  the 
structures  of  Section  9.3  have  significant  imbalances  and  parasitic  responses  so  that  effec- 
tiveness of  the  differential  structures  in  decreasing  crosstalk  is  impaired.  Second,  the 
structures  of  Section  9.3  are  limited  to  small  separation  ratios  (six  to  twenty).  Further- 
more, the  transmission  lines  of  Section  9.3  have  cross-sectional  dimensions  five  times 
larger  than  those  of  this  chapter.  The  theoretical  decrease  in  crosstalk  for  differential- 
modes  is  based  on  approximations  that  the  conductor  widths  and  spaces  of  each  differen- 
tial transmission  line  are  much  smaller  than  the  separation  between  adjacent  lines.  The 
larger  dimensions  of  Section  9.3  cause  these  approximations  to  be  less  accurate,  and  hence 
the  increase  the  actual  differential  crosstalk. 

10.2.  Transmission  Lines  with  Ground  Metal  Ground  Planes 

This  set  of  experiments  examines  the  crosstalk  performance  of  integrated  trans- 
mission lines  where  a  metal  ground  plane  is  used.  These  structures  are  the  same  as  those 
in  Section  10.1,  except  that  first  metal  is  used  for  a  ground  plane,  and  the  transmission 
lines  are  formed  from  second  metal.  This  type  of  transmission  line  is  not  common  in 
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today's  ICs,  but  could  be  easily  implemented.  With  these  structures,  the  effects  of  semi- 
conductor substrate  are  substantially  removed  from  the  transmission  line  performance. 
These  experiments  examine  the  basic  RF  transmission  performance  of  such  single-ended 
transmission  line,  as  well  as  the  line-to-line  crosstalk  of  such  structures.  These  single-end 
structures  are  contrasted  to  differential  transmission  line  structures,  both  with  a  metal 
ground  plane. 
10.2. 1 .  Single-Ended  Transmission  Lines 

The  layouts  of  the  experiments  of  single-ended  transmission  lines  with  metal 
ground  planes  are  shown  in  Figure  10-10.  Like  the  prior  structures,  each  transmission  line 
is  10  mm  long,  with  signal  conductors  20  |Xm  wide.  The  signal  conductors  are  formed  in 
second  metal,  and  the  ground  plane  under  the  transmission  lines  is  formed  in  first  metal. 
Referring  to  Figure  10-1,  the  height  between  the  signal  conductor  and  the  ground  plane  is 
approximately  1 5  KA.  The  crosstalk  experiments  of  this  section  are  a  function  of  the  nor- 
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Figure  10-10.  Layout  of  test  structures  for  single-ended  transmission  line  with  metal 
ground  plane. 
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malized  separation,  measured  the  same  as  the  single-ended  transmission  lines  of 
Section  10. 1 . 1 .  Similarly,  these  experiments  are  terminated  with  open-circuits. 

The  measured  results  of  the  single-ended  transmission  lines  with  metal  ground 
plane  are  shown  in  Figures  10-12  and  10-13  of  the  next  section.  With  a  metal  ground 
plane,  the  single-ended  transmission  line  has  good  RF  performance.  The  characteristic 
impedance  of  this  line  is  approximately  27Q,  and  is  essentially  constant  across  the  mea- 
surement band.  In  contrast,  the  line  without  a  metal  ground  plane  exhibits  a  characteristic 
impedance  that  varies  rapidly  over  frequency.  Furthermore,  the  losses  of  the  single-ended 
line  with  the  metal  ground  plane  are  significantly  less  than  without  a  metal  ground  plane. 

The  measured  line-to-line  crosstalk  of  the  single-ended  transmission  lines  with 
metal  ground  plane  is  summarized  in  Figure  10-14,  also  of  the  next  section.  The  magni- 
tude of  the  crosstalk  between  single-ended  transmission  lines  is  significantly  reduced  by 
the  use  of  the  metal  ground  plane.  The  ground  plane  reduces  the  crosstalk  between  adja- 
cent transmission  line  by  nearly  45  dB  at  small  separations  and  more  than  60  dB  at  large 
separations.  Clearly,  the  use  of  metal  ground  planes  with  single-ended  interconnections 
has  significant  advantages  for  RF  transmission  line  performance  and  reduced  crosstalk. 
10.2.2.  Uniform  Differential  Transmission  Lines 

The  layouts  of  the  experiments  of  simple  uniform  differential  transmission  lines 
with  metal  ground  planes  are  shown  in  Figure  10-11.  Each  transmission  line  is  again 
10  mm  long.  The  signal  conductors  are  each  20  |lm  wide  with  a  20  |im  space  between 
conductors,  like  the  differential  lines  of  Section  10. 1 .2.  The  signal  conductors  are  formed 
in  second  metal,  with  a  first  metal  ground  plane  beneath.  Due  to  the  constant  cross-sec- 
tion, these  line  are  called  uniform  differential  transmission  lines. 
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Figure  10-11.  Layout  of  test  structures  for  uniform  differential  transmission  line  with 
metal  ground  plane. 


The  measured  response  of  the  uniform  differential  transmission  line  with  a  metal 
ground  plane  is  summarized  in  Figures  10-12  and  10-13.  Figure  10-12  shows  the  magni- 
tudes in  dB  of  the  pure  differential-mode  and  pure  common-mode  s-parameters. 
Figure  10-13  shows  the  same  parameters  in  polar  form.  The  mode-conversion  responses 
of  the  transmission  line  again  are  not  shown,  but  the  conversions  magnitudes  are  less  than 
-20  dB,  indicating  a  reasonable  degree  of  balance.  Also  shown  of  these  figures  is  the 
response  of  the  single-ended  transmission  line  with  a  metal  ground  plane. 

The  differential  and  common-mode  responses  are  virtually  indistinguishable  from 
one  another  and  from  the  single-ended  transmission  line  response.  This  similarity  of  the 
responses  indicates  that  the  signal  conductors  comprising  the  differential  transmission  line 
are  essentially  uncoupled.  With  uncoupled  conductors,  the  differential  and  common- 
mode  behavior  degenerate  into  identical  modes,  which  are  equal  to  that  of  a  single-ended 
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transmission  line  (see  Section  3.1.1).  The  physical  construction  of  the  differential  line 
supports  the  conclusion  that  the  signal  conductors  are  uncoupled.  The  two  conductors  are 
20  \im  apart,  but  they  are  only  15  KA  (1.5  |lm)  above  the  ground  plane.  Relative  to  the 
height  above  the  ground  plane,  a  conductor  over  ten  times  farther  away  has  essentially  no 
effect  on  another  signal  conductor. 
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Figure  10-12.  Measured  s-parameters  of  single-ended  and  uniform  differential  transmis- 
sion lines,  both  with  metal  ground  planes. 
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Figure  10-13.  Measured  s-parameters  of  single-ended  and  differential  transmission  line, 
both  with  ground  planes,  magnitudes  and  phase. 


The  crosstalk  experiments  of  this  section  are  again  function  of  the  normalized  sep- 
aration. The  separation  between  adjacent  lines  is  measured  by  the  ratio  of  center-to-center 
distance  and  a  signal  conductor  width,  which  is  the  same  as  in  Section  10.1.2.  Similarly, 
these  experiments  are  terminated  with  open-circuits.  The  line-to-line  crosstalk  of  both  the 
differential  and  common-modes  are  summarized  in  Figure  10-14.  Like  previous  sections, 
the  crosstalk  is  quantified  by  the  transmission  s-parameters,  as  measured  by  the  PMVNA. 
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Figure  10-14.  Measured  line-to-line  crosstalk,  at  1.0  GHz,  for  single-ended  and  differen- 
tial transmission  lines  with  metal  ground  planes,  as  a  function  of  line  sepa- 
ration. 
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Figure  10-15.  Measured  line-to-line  crosstalk,  at  1 .0  GHz,  for  differential  transmission 
lines,  with  and  without  metal  ground  planes,  as  a  function  of  line  separa- 
tion. 
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The  ground  plane  under  the  differential  transmission  line  has  substantially  reduced  the 
amount  of  crosstalk  for  both  differential  and  common-modes.  Notice  that  the  common- 
mode  crosstalk  is  approximately  6  dB  higher  than  the  single-ended  crosstalk,  particularly 
as  the  separation  increases.  This  difference  is  in  accordance  with  the  approximate  results 
expected  with  uncoupled  lines.  The  overall  decrease  in  crosstalk  is  illustrated  in 
Figure  10-15.  For  the  differential  line,  the  differential-mode  crosstalk  is  reduced  between 
20  dB  to  40  dB  by  the  presence  of  the  ground  plane.  The  common-mode  crosstalk  is 
reduced  30  dB  to  50  dB  by  the  ground  plane.  This  reduction  is  a  result  of  the  small  height 
of  the  signal  conductors  over  the  ground  plane.  In  this  case,  the  metal  ground  plane  con- 
fines electromagnetic  fields,  causing  significantly  less  coupling  (crosstalk)  compared  to 
the  same  structures  without  the  ground  plane. 

Clearly  the  use  of  metal  ground  planes  for  RF IC  interconnections  has  several 
advantages  over  structures  without  ground  planes.  By  establishing  a  distinct  ground 
plane,  single-ended  interconnections  become  good  RF  transmission  lines.  In  IC  imple- 
mentations, the  separation  between  metal  layers  is  typically  small  compared  to  signal  con- 
ductor widths.  This  small  separation  between  ground  planes  and  signal  conductors  has  the 
effect  of  significantly  reducing  the  crosstalk  between  interconnections.  The  addition  of  a 
ground  plane  also  benefits  the  differential  transmission  line.  The  nearness  of  the  ground 
plane  further  reduces  differential-mode  crosstalk.  With  such  differential  structures,  a  very 
high  degree  of  circuit-to-circuit  isolation  can  be  achieved,  even  on  high  density  ICs. 
10.3.  Unbalanced  Differential  Transmission  Lines 

This  set  of  experiments  examine  the  effects  of  imbalance  on  crosstalk  between  dif- 
ferential IC  interconnections.  These  differential  structures  are  the  same  as  those  in 
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Figure  10-16.  Layout  of  test  structures  for  unbalanced  differential  transmission  lines. 


Section  10.1.2,  except  that  imbalance  is  intentionally  introduced.  Like  Section  10.1.2, 
these  transmission  lines  have  no  metal  ground  plane.  The  layouts  of  the  experiments  of 
simple  uniform  differential  transmission  lines  without  metal  ground  planes  are  shown  in 
Figure  10-16.  Like  the  prior  structures,  each  transmission  line  is  10  mm  long.  The  first 
metal  signal  conductors  are  each  nominally  20  |lm  wide  with  a  20  |im  space  between  con- 
ductors. The  imbalance  is  introduced  by  a  step  in  the  width  of  one  of  the  signal  conduc- 
tors of  the  differential  transmission  lines.  The  width  of  this  unbalanced  conductor  is 
40  u.m  wide  with  a  length  of  5  mm. 

The  measured  response  of  the  unbalanced  differential  transmission  is  summarized 
in  Figures  10-17  and  10-18.  Figure  10-17  shows  the  magnitudes  in  dB  of  selected  pure 
differential-mode  and  pure  common-mode  s-parameters.  Also  shown  in  the  figure  are  the 
same  parameters  for  the  (balanced)  simple  uniform  differential  line  of  Figure  10-6.  Since 
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the  structures  are  port-symmetric,  only  5n  and  Sn  are  shown.  Figure  10-18  shows  the 
magnitudes  in  dB  of  selected  mode-conversion  parameters  of  the  same  structures.  Due  to 
the  reciprocal  nature  of  the  devices,  only  four  mode-conversion  s-parameters  are  unique 
(see  Chapter  1 1),  so  only  Sic  is  shown.  From  these  figures,  it  is  seen  that  the  step-in-width 
has  little  effect  on  the  differential  lines.  The  pure-mode  responses  are  very  similar,  with 
only  the  insertion  loss  of  the  unbalanced  line  increasing  slightly  (about  1  dB  at  5  GHz). 
The  imbalance  has  a  more  perceptible  impact  on  the  mode-conversion  s-parameters.  All 
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form (balanced)  differential  transmission  lines. 


mode-conversion  s-parameters  increased  about  10  dB  with  the  unbalanced  transmission 
line.  The  magnitudes  of  the  mode-conversion  are  relatively  small  (near  -10  dB  to  -20  dB), 
but  still  significant. 

The  crosstalk  experiments  with  the  unbalanced  lines  are  function  of  the  normal- 
ized separation  between  two  differential  transmission  lines.  Only  one  of  the  lines  is  unbal- 
ance; the  other  is  the  same  as  the  balanced  simple  uniform  differential  transmission  lines 
of  Section  1 0. 1 .2.  The  separation  between  adjacent  lines  is  measured  by  the  ratio  of  cen- 
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ter-to-center  distance  and  a  signal  conductor  width,  which  is  the  same  as  in  Section  10. 1 .2. 
Similarly,  these  experiments  are  terminated  with  open-circuits.  The  line-to-line  crosstalk 
of  the  pure  modes  is  summarized  in  Figure  10-19.  Included  in  this  figure  is  the  pure  mode 
crosstalk  of  the  simple  uniform  differential  transmission  lines  of  Section  10.1.2.  From  this 
figure,  there  is  very  little  meaningful  change  in  the  magnitude  of  crosstalk  between  the 
balanced  and  unbalanced  differential  transmission  lines.  However,  contrary  to  expecta- 
tions, the  common-mode  crosstalk  of  the  balanced  line  is  slightly  higher  than  the  unbal- 
anced line,  over  most  of  the  range  of  line  separations.  This  is  due  to  different  common- 
mode  losses  for  the  two  transmission  lines.  Referring  to  Figure  10-17,  the  common-mode 
insertion  loss  of  the  unbalanced  line  is  greater  than  that  of  the  balanced  line.  Because 
there  is  no  significant  difference  in  the  return  loss  of  the  two  lines,  it  can  be  concluded  that 


common-mode 
-unbalanced 


3 


*~  differential 
unbalanced  L^ 


common-mode 
balanced 


differential 
balanced 


'  1.0 


separation  (DAV) 


1000 


Figure  10-19.  Measured  line-to-line  crosstalk,  at  1.0  GHz,  for  uniform  and  unbalanced 
and  simple  uniform  (balanced)  differential  transmission  lines,  as  a  function 
of  line  separation. 
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Figure  10-20.  Measured  line-to-line  mode-conversion  crosstalk,  at  1.0  GHz,  for  uniform 
and  unbalanced  and  simple  uniform  (balanced)  differential  transmission 
lines,  as  a  function  of  line  separation. 

the  ohmic  losses  of  the  unbalanced  line  are  higher  than  the  balanced  line.  The  common- 
mode  crosstalk  of  the  unbalanced  lines  will  naturally  be  lower  due  to  these  losses. 

The  mode-conversion  crosstalk  of  the  unbalanced  differential  line  is  summarized 
in  Figure  10-20.  Again  included  for  comparison  is  the  mode-conversion  crosstalk  of  the 
simple  uniform  differential  transmission  lines  of  Section  10.1.2.  The  mode-conversion 
crosstalk  of  the  unbalanced  transmission  line  is  very  near  that  of  the  balanced  line.  This 
figure  confirms  that,  in  this  case,  the  intentionally  introduced  physical  imbalances  of  the 
unbalanced  differential  transmission  line  do  not  cause  a  significant  increase  in  mode-con- 
version. 
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10.4.  Vertical  Differential  Transmission  Lines 

This  section  examines  the  characteristics  of  an  uncommon  type  of  differential 
transmission  line  for  IC  applications.  This  transmission  line  is  formed  by  stacking  the  two 
signal  conductors  in  the  vertical  direction,  rather  than  in  the  horizontal  direction  as  seen  in 
previous  sections.  This  vertical  stacking  gives  the  structure  the  name  of  "vertical"  differ- 
ential transmission  line.  The  vertical  differential  line  is  essentially  a  broad-side  coupled 
pair  transmission  line  [14].  This  structure  requires  about  one-third  less  surface  area  to 
construct  compared  to  a  typical  horizontal  differential  transmission  line,  which  is  an 
advantage  in  RF  IC  applications.  Specifically,  this  sections  considers  three  varieties  of 
vertical  differential  transmission  lines.  The  first  structure  has  equal  width  top  and  bottom 
conductors.  The  second  variation  has  a  top  conductor  width  twice  that  of  bottom.  The 
third  type  of  vertical  line  also  has  a  double  width  top  conductor,  but  the  top  conductor 
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Figure  10-21.  Layout  of  test  structures  for  vertical  differential  transmission  line,  with 
equal  widths  of  top  and  bottom  conductors. 
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additionally  has  long  open  slots  down  the  center.  In  this  section,  a  set  of  experiments 
examines  the  RF  transmission  line  performance,  and  the  crosstalk  behavior,  of  these  verti- 
cal differential  transmission  lines. 

The  layout  for  the  three  types  of  vertical  differential  transmission  lines  are  shown 
in  Figures  10-21,  10-22,  and  10-23.  Figure  10-21  shows  the  layout  of  the  vertical  lines 
with  equal  top  and  bottom  conductor  widths.  The  layout  of  the  vertical  transmission  lines 
with  the  top  conductor  width  twice  the  bottom  is  shown  in  Figure  10-22.  Figure  10-23 
shows  the  layout  of  the  final  variety  of  vertical  differential  transmission  line,  where  the 
double  width  top  is  slotted  down  its  length.  A  detail  of  the  layout  of  one  slotted  transmis- 
sion line  is  shown  in  Figure  10-24. 

Like  previous  sections,  these  experiments  include  a  series  of  pairs  of  terminated 
transmission  lines  for  the  measurement  of  crosstalk.  These  lines  were  intended  to  be 
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Figure  10-22.  Layout  of  test  structures  for  vertical  differential  transmission  line,  with 
width  of  top  conductor  twice  the  width  of  the  bottom  conductor. 
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Figure  10-23.  Layout  of  test  structures  for  vertical  differential  transmission  line,  with  top 
conductor  with  slots  and  width  of  top  conductor  twice  the  width  of  the  bot- 
tom conductor. 


Figure  10-24.  Detail  of  layout  of  test  structures  for  vertical  differential  transmission  line, 
with  top  conductor  with  slots  and  width  of  top  conductor  twice  the  width  of 
the  bottom  conductor. 
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terminated  with  lOOfl  resistors,  but,  like  previous  experiments,  processing  problems  have 
left  the  lines  terminations  open.  In  all  cases,  the  separation  between  transmission  lines  is 
measured  from  the  center  of  the  bottom  conductor  of  one  line  to  the  center  of  the  bottom 
conductor  of  the  adjacent  line.  This  distance  is  divided  by  the  width  of  the  bottom  con- 
ductor to  calculate  the  separation  ratio  (DAV).  Also  included  is  a  structure  for  direct  mea- 
surement of  the  RF  performance  of  each  type  of  vertical  differential  transmission  line. 

Each  variation  of  the  vertical  transmission  line  is  designed  to  address  a  certain  per- 
formance issue.  The  design  process  is  illustrated  by  the  cross-sectional  sketch  of  the  three 
vertical  differential  transmission  lines  in  Figure  10-25.  The  simple  vertical  differentia! 
line  is  meant  to  maintain  low  crosstalk  while  increasing  the  integration  density  of  differen- 
tial IC  interconnections.  The  vertical  line  with  twice  the  top  conductor  width  is  designed 
to  improve  the  balance  of  the  vertical  line.  The  top  conductors  of  the  simple  vertical  line 


(a) 


(b) 


(c) 


Figure  10-25.  Cross  section  of  vertical  differential  transmission  lines. 

a)  Equal  width  top  and  bottom  conductors. 

b)  Top  width  twice  the  bottom. 

c)  Top  with  slot. 
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(a)  have  unequal  parasitic  capacitances  to  ground.  The  nearness  of  the  bottom  conductor 
to  ground  results  in  a  larger  capacitance  than  that  of  the  top  conductor.  This  unequal 
capacitance  generates  an  unbalanced  differential  transmission  line.  By  increasing  the 
width  (b),  the  capacitance  of  the  top  conductor  to  ground  is  increased.  The  design  goal  of 
this  structure  is  to  balance  the  parasitic  capacitances  of  the  two  conductors.  The  actual 
width  of  the  top  conductor  required  for  complete  balance  is  a  function  of  the  location  of 
the  ground  and  the  height  between  the  conductors  of  the  vertical  transmission  line.  While 
the  calculation  of  the  width  of  the  top  conductor  is  straight-forward  with  a  distinct  ground 
plane,  it  is  difficult  when  only  the  semi-conductor  substrate  is  used  under  the  vertical 
transmission  line.  As  the  IC  process  used  for  these  experiments  is  limited  to  two  metal 
layers,  no  metal  ground  plane  could  be  used  under  the  vertical  lines.  As  a  result,  the 
design  of  the  width  of  the  top  conductor  is  best  accomplished  through  empirical  methods. 
For  this  work,  the  width  of  the  top  conductor  has  been  set  at  twice  that  of  the  bottom  con- 
ductor as  a  baseline  for  future  work.  For  this  work,  the  top  conductor  is  made  40  |xm 
wide,  and  the  bottom  conductor  is  20  p.m  wide.  The  total  transmission  line  length  is 
10  mm. 

The  design  of  the  third  variation  of  vertical  differential  transmission  line  is  one 
with  a  slotted  top  conductor,  as  illustrated  in  Figure  10-25(c).  This  transmission  line  is 
designed  to  further  improve  the  balance  for  the  vertical  transmission  line.  As  a  conse- 
quence of  its  greater  width,  the  top  conductor  of  Figure  10-25(b)  is  expected  to  exhibit 
lower  series  resistance  than  the  bottom  conductor.  This  unequal  resistance  will  again  gen- 
erate imbalance  in  the  differential  transmission  line.  To  compensate  for  this  decreased 
resistance,  a  slot  is  formed  in  the  top  conductor.  The  slot  is  long  and  narrow,  made  down 
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the  center  of  the  top  conductor.  Ideally,  this  slot  should  increase  the  series  resistance  of 
the  top  conductor,  while  maintaining  the  balanced  capacitance  to  ground,  while  having 
minimal  impact  on  the  transmission  performance  of  the  structure.  The  actual  amount  of 
increased  balance,  and  the  proper  design  of  the  slot,  is  again  left  to  empirical  methods. 
For  this  work,  the  slot  is  made  20  |xm  wide  in  the  center  of  the  40  |im  top  conductor.  The 
length  of  each  slot  is  900  |im,  followed  by  a  100  |im  long  section  of  transmission  line 
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Figure  10-26.  Measured  differential  and  common-mode  s-parameters  of  the  three  types 
of  vertical  differential  transmission  lines. 
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without  a  slot.  This  1000  (lm  cycle  is  repeated  of  the  length  of  the  line.  The  bottom  con- 
ductor is  again  20  u,m  wide.  The  total  transmission  line  length  is  10  mm. 

The  mixed-mode  s-parameters  of  these  three  vertical  differential  transmission  lines 
are  summarized  in  Figures  10-26  and  10-27.  Figure  10-26  shows  selected  pure-mode 
responses  of  all  three  vertical  lines.  Due  to  port-symmetry,  only  S[  |  and  5]2  are  shown  for 
each  mode.  From  this  figure,  it  is  clear  that  all  three  lines  have  acceptable  differential 
transmission  characteristics.  In  contrast,  the  common-mode  characteristics  of  all  three 
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Figure  10-27.  Measured  mode-conversion  s-parameters  of  the  three  types  of  vertical  dif- 
ferential transmission  lines. 
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vertical  lines  are  poor.  The  common-mode  behavior  is  due  to  the  lack  of  a  distinct  ground 
plane,  and  is  very  similar  to  the  results  of  Section  1 0. 1 .  The  transmission  line  with  equal 
width  conductors  has  a  differential  characteristic  impedance  of  about  20£1  For  compari- 
son, the  simple  uniform  (horizontal)  differential  transmission  line  has  a  differential  char- 
acteristic impedance  of  32£i  The  small  height  between  the  top  and  bottom  conductors 
(15  KA)  has  decreased  the  differential  characteristic  impedance  of  the  vertical  transmis- 
sion line. 

The  transmission  line  with  the  double  width  top  conductor  has  a  differential  char- 
acteristic impedance  of  about  15£1  The  increase  of  the  width  of  the  top  conductor  has 
increased  the  capacitance  to  the  bottom  conductor,  which  decreases  the  differential  char- 
acteristic impedance  of  the  structure.  This  decrease  largely  accounts  for  the  higher  inser- 
tion loss  of  this  structure  with  respect  to  the  equal  width  vertical  line.  The  increased 
insertion  loss  is  primarily  due  to  miss-match  losses,  as  supported  by  the  increased  reflec- 
tion magnitude. 

The  transmission  line  with  the  slotted  top  conductor  has  a  differential  characteris- 
tic impedance  of  approximately  29Q  In  addition  to  raising  the  series  resistance,  the  slot 
decreased  the  capacitance  between  the  top  and  bottom  conductors.  This  decrease  results 
in  an  increased  differential  characteristic  impedance,  which  further  results  in  lower  inser- 
tion loss  and  lower  reflection  magnitudes. 

The  mode-conversion  behavior  of  the  three  vertical  transmission  line  is  summa- 
rized in  Figure  10-27.  Again,  only  four  mode-conversion  parameters  are  shown  due  to 
symmetry  considerations.  The  mode-conversion  levels  of  all  three  vertical  transmission 
line  are  relatively  high  when  compared  to  the  simple  uniform  differential  line.  Further- 
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more,  the  magnitudes  of  mode-conversion  in  transmission  apparently  run  counter  to  the 
intended  behavior  of  the  three  transmission  lines.  The  slotted  line  has  the  highest  mode- 
conversion  magnitudes,  despite  the  most  extensive  efforts  to  balance  the  structure.  The 
apparent  increase  in  mode-conversion  is  due  to  the  different  characteristic  impedances  of 
the  three  transmission  lines.  The  slotted  line,  with  its  differential  characteristic  impedance 
closest  to  50£2,  is  better  matched  than  the  other  vertical  lines.  The  better  match  of  the  slot- 
ted line  increases  the  amount  of  signal  that  can  be  delivered  to  the  load.  This  better  match 
increases  the  magnitude  of  differential  transmission,  ^12,  as  well  as  the  mode-conversion 
transmission,  s^^  and  sctu2-  Inspection  of  Figure  10-27  reveals  the  relative  strengths  of 
the  transmission  mode-conversion  correspond  to  the  relative  magnitudes  of  the  differen- 
tial characteristic  impedances  of  the  three  vertical  transmission  lines.  With  the  change  in 
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Figure  10-28.  Measured  line-to-line  crosstalk  (pure  mode),  at  1.0  GHz,  for  the  three  ver- 
tical differential  transmission  lines,  as  a  function  of  line  separation. 
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Figure  10-29.  Measured  line-to-line  crosstalk  (mode-conversion),  at  1.0  GHz,  for  the 
three  vertical  differential  transmission  lines,  as  a  function  of  line  separa- 
tion. Note  different  scale  from  previous  figures. 


characteristic  impedances  considered,  no  significant  difference  can  be  seen  in  the  imbal- 
ance of  the  three  vertical  transmission  lines. 

The  crosstalk  behavior  of  the  three  vertical  transmission  lines  is  summarized  in 
Figure  10-28.  The  crosstalk  magnitudes  between  vertical  transmission  lines  are  signifi- 
cantly higher  than  in  the  horizontal  differential  lines  of  Section  10. 1 .  This  increase  in 
crosstalk  is  due  to  the  large  magnitude  of  mode-conversion  in  the  vertical  transmission 
lines.  Despite  the  general  increase  in  its  magnitude,  the  differential-mode  crosstalk  char- 
acteristic still  retains  an  advantage  over  the  common-mode  crosstalk.  The  three  variations 
of  vertical  lines  exhibit  similar  levels  of  differential-mode  crosstalk,  but  have  consistent, 
but  small,  differences  in  common-mode  crosstalk.  The  large  imbalance  in  all  three  verti- 
cal lines  is  illustrated  in  Figure  10-28.  Because  of  the  similarity  of  the  responses,  the  indi- 
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vidual  traces  on  the  plot  are  not  identified.  This  figure  clearly  shows  that  all  three  lines 
possess  a  large  degree  of  imbalance.  This  imbalance  is  responsible  for  the  increased  line- 
to-line  crosstalk  in  these  structures. 

It  is  concluded  that  the  mode-conversion  of  the  vertical  transmission  lines  is  a 
result  of  IC  processing  issues.  The  series  resistance  of  the  first  metal  layer  is  higher  than 
that  of  the  second  metal.  For  example,  in  terms  of  standard  s-parameters,  at  1.0  GHz  the 
vertical  differential  line  with  equal  width  conductors  has  about  7.7  dB  of  insertion  loss  in 
the  top  conductor,  but  about  17  dB  loss  in  the  bottom  conductor.  This  difference  is  large 
enough  to  generate  significant  mode-conversion.  The  mode-conversion  produced  by  the 
resistance  imbalance  is  much  larger  than  the  imbalances  generated  by  unequal  capacitance 
of  the  conductors  to  ground.  As  a  result,  the  effects  of  the  balancing  techniques  used  on 
the  vertical  lines  are  masked  by  the  dominating  effect  of  the  unbalanced  metal  resistance. 
This  type  of  problem  will  typically  dominate  most  IC  implementation  of  vertical  differen- 
tial transmission  lines.  For  the  advantages  of  this  structure  to  be  realized,  care  must  be 
taken  to  compensate  the  vertical  transmission  line  for  unequal  resistance  in  the  constituent 
metal  layers. 

10.5.  Pad-to-Pad  Crosstalk 

This  set  of  experiments  examines  the  crosstalk  between  probe  pads  as  a  function 
distance.  Pads  are  relatively  large  (compared  to  other  integrated  devices),  typically 
square,  metal  structures  used  for  both  wafer-probe  or  wire-bond  connections.  In  many 
applications,  signal  coupling  through  pads  can  be  a  significant  problem.  This  is  due  to  the 
fact  that  pads  can  be  large  with  respect  to  other  IC  features,  and  can  sometimes  capaci- 
tively  couple  signals  into  the  substrate  at  relatively  high  levels.  Pure  differential  and  com- 
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mon-mode  coupling  between  probe  pads  is  examined,  as  well  as  mode-conversion 
coupling.  Unlike  the  simple  study  of  Section  5.1,  this  set  of  experiments  quantify  pad-to- 
pad  crosstalk  for  a  practical  silicon  IC.  Furthermore,  these  experiments  map  the  pad-to- 
pad  crosstalk  as  a  two-dimensional  function  of  position  of  the  pads. 

As  discussed  in  Section  4.3,  the  PMVNA  uses  ground-signal  rground-signal2- 
ground  (GSGSG)  probes,  so  the  pads  for  the  experiments  in  this  section  (and  throughout 
the  chapter)  are  constructed  accordingly.  The  construction  of  GSGSG  pads  is  illustrated 
in  Figure  10-30.  The  GSGSG  pads  are  placed  in  a  grid  to  form  the  coupling  experiments 
of  this  section,  as  shown  in  Figure  10-3 1 .  The  rows  of  pads  are  spaced  500  |im  center-to- 
center,  and  the  columns  are  spaced  1000  |lm  center-to-center.  The  origin  of  the  array  is 
defined  to  be  at  the  center  set  of  pads  in  the  bottom  row.  With  the  wafer  probe  of  mixed- 
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Figure  10-30.  Probe  pad  construction,  a)  Top  view  of  GSGSG  pads,  b)  Cross-sectional 
view  of  process  layers  in  signal  and  ground  pads. 
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mode  port  one  fixed  at  the  origin  of  the  pad  array,  the  probe  of  mixed-mode  port  two  has 
been  placed  at  various  pads  in  the  array,  where  the  PMVNA  has  measured  the  mixed- 
mode  s-parameters.  Like  other  experiments,  the  various  transmission  s-parameters  quan- 
tify crosstalk  between  the  pads.  Treating  the  pads  as  sample  points  in  a  continuous 
domain,  contours  of  constant  crosstalk  magnitudes  can  be  constructed  from  the  measured 
mixed-mode  s-parameters. 

The  contours  of  constant  crosstalk  are  two  dimensional  maps  of  the  coupling 
between  two  differential  structures.  This  contour  map  of  coupling  can  provide  insight  into 
how  signals  from  one  circuit  on  an  IC  are  coupled  into  others  on  the  same  IC.  The  maps 
show  the  crosstalk  level  of  the  differential-mode  between  two  differential  circuits,  as  well 
as  the  common-mode  crosstalk.  Additionally,  the  maps  can  also  show  the  mode-conver- 
sion crosstalk  between  two  differential  circuits  as  a  function  of  position.  This  two-dimen- 
sional mapping  of  the  mode-conversion  illustrates  how  mode-conversion  crosstalk  can 
occur  between  two  otherwise  balanced  differential  circuits. 


Figure  10-31.  Layout  of  test  structure  for  pad-to-pad  crosstalk. 
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The  measured  crosstalk  results  are  summarized  in  Figures  10-32  to  10-35.  These 
figures  are  contour  plots  of  measured  mixed-mode  transmission.  Figure  10-32  is  the  pure 
differential-mode  crosstalk  between  pads  at  1.0  GHz  and  2.0  GHz.  The  measured  Jdd2i 
between  each  pair  has  been  used  to  interpolate  the  contours  of  constant  crosstalk  over  the 
surface  of  the  IC.  This  figure  shows  the  crosstalk  decreases  rapidly  as  the  radial  distance 
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Figure  10-32.  Constant  crosstalk  magnitudes  contours  (sj^l  'n  dB)  of  pad-to-pad  test 
structure. 

a)  Crosstalk  at  1.0  GHz.  b)  Crosstalk  at  2.0  GHz.  c)  Analytical  approxi- 
mation of  crosstalk. 
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from  the  origin  increases.  This  indicates  that  the  differential  crosstalk  decreases  as  a  func- 
tion between  two  differential  circuits  increase,  as  has  been  demonstrated  earlier. 
Figure  10-33  is  the  pure  common-mode  crosstalk  between  pads  at  1.0  GHz  and  2.0  GHz. 
Similarly  to  the  previous  figure,  the  measured  jcc2|  between  each  pair  has  been  used  to 
interpolate  the  contours  of  constant  crosstalk  over  the  surface  of  the  IC.  Compared  to  the 
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Figure  10-33.  Constant  crosstalk  magnitudes  contours  (scc21  in  dB)  of  pad-to-pad  test 
structure. 

a)  Crosstalk  at  1 .0  GHz.  b)  Crosstalk  at  2.0  GHz.  c)  Analytical  approxi- 
mation of  crosstalk. 
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differential  crosstalk  map,  the  common-mode  crosstalk  decreases  slower  than  differential 
crosstalk  with  increasing  radial  distance.  Figure  10-34  is  the  common-to-differential 
crosstalk  between  pads  at  1 .0  GHz  and  2.0  GHz.  In  this  case,  the  measured  s^i  between 
each  pair  has  been  used  to  interpolate  the  contours  of  constant  crosstalk  over  the  surface  of 
the  IC.  Finally,  the  differential-to-common  crosstalk  is  shown  in  Figure  10-34  at  1.0  GHz 


Figure  10-34.  Constant  crosstalk  magnitudes  contours  (shc21  m  dB)  of  pad-to-pad  test 
structure. 

a)  Crosstalk  at  1 .0  GHz.  b)  Crosstalk  at  2.0  GHz.  c)  Analytical  approxi- 
mation of  crosstalk. 
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and  2.0  GHz.  In  this  case,  the  measured  sc(i2\  between  each  pair  has  been  used  to  interpo- 
late the  contours  of  constant  crosstalk  over  the  surface  of  the  IC.  Both  of  the  mode  con- 
version crosstalk  maps  have  minimal  crosstalk  along  the  >>-axis. 


Figure  10-35.  Constant  crosstalk  magnitudes  contours  ( Jc(j2 1  m  dB)  of  pad-to-pad  test 
structure. 

a)  Crosstalk  at  1.0  GHz.  b)  Crosstalk  at  2.0  GHz.  c)  Analytical  approxi- 
mation of  crosstalk. 
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With  some  approximations,  the  crosstalk  behavior  exhibited  in  these  pad  experi- 
ments can  be  theoretically  explained.  The  theoretical  development  of  the  pad  crosstalk 
illuminates  the  basic  principles  leading  to  circuit-to-circuit  crosstalk.  By  assuming  that  a 
probe  pad  is  much  smaller  than  a  wavelength,  the  pad  can  then  be  approximated  as  a 
lumped  element,  neglecting  distributed  circuit  effects.  The  structure  can  be  further  simpli- 
fied by  assuming  the  pads  can  be  approximated  by  small  conductive  sphere  at  some  poten- 
tial. This  sphere  has  a  radius,  a,  where  a  is  the  smallest  radius  that  completely  encloses 
the  pad  (and  a  is  much  smaller  than  a  wavelength).  To  greatly  simplify  the  following 
expressions,  the  loading  of  the  pads  will  be  neglected.  In  other  words,  the  characteristic 
source  and  load  impedances  of  the  PMVNA  will  be  assumed  to  have  no  effect  on  the 
crosstalk.  This  is  a  course  approximation,  but  it  provides  expression  that  are  easily  inter- 
preted. Furthermore,  the  predicted  crosstalk  maintains  the  same  qualitative  behavior  as 
the  measured  data.  Neglecting  the  PMVNA  ports  impedances  is  the  same  as  assuming  the 
pads  are  part  of  a  high  impedance  circuit,  where  current  is  negligible. 

By  neglecting  the  PMVNA  port  impedances,  the  crosstalk  can  be  approximated 
with  a  simple  electrostatic  approximation.  With  two  pads,  each  approximated  as  a  sphere, 
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Figure  10-36.  Model  of  single-ended  circuit-to-circuit  crosstalk. 
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the  electric  potential  between  the  spheres  can  be  easily  calculated  as  a  function  of  dis- 
tance. For  example,  consider  two  single-ended  pads,  as  illustrated  in  Figure  10-36.  One 
pad,  radius  a,  is  located  at  the  origin,  and  the  other  pad,  radius  a,  is  located  at  a  point  in  the 
jrv-plane,  (x,  y).  The  electric  potential  of  a  charged  sphere  is  known  to  be  [88] 

Q  ,  (MM) 

TO-BE        "^ 

where  r  is  radial  distance  from  the  center  of  the  sphere.  If  the  sphere  at  the  origin  is 
defined  to  have  a  potential  of  Vsl,  then  the  surface  charge  can  be  found  to  be 
Qs  =  (47tea)Vs| ,  so  that  the  potential  of  the  sphere  can  be  stated  as 

V(r)  =  aVsl-  (r>a)  (10-2) 

The  potential  at  a  point  in  the  x-y  plane,  outside  of  the  sphere,  can  be  expressed  as 

V(x,y)  =  aV,,    ■         „  (10-3) 
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The  radius  of  the  second  pad  will  be  neglected,  so  that  its  potential  is  simply  expressed  by 
(10-3),  so  that  V-ti(x,  y)  =  V(x,  y) .  The  crosstalk  between  the  two  pads  will  be  defined  as 
the  ratio  of  the  potentials  of  the  pads. 

V;, 


Crosstalk  = 
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(10-4) 
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From  (10-4),  the  Mr  proportionality  of  single-ended  crosstalk  is  readily  observed. 

This  same  approach  can  be  applied  to  two  sets  of  differential  probe  pads,  and  the 
pure  differential,  common-mode,  and  mode-conversion  crosstalk  can  be  approximated. 
Referring  to  Figure  10-37,  the  pair  of  differential  pads  can  be  modeled  by  four  small 
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Figure  10-37.  Model  of  differential  circuit-to-circuit  crosstalk. 


spheres.  Two  spheres  on  the  x-axis  represent  the  "source"  pads.  These  pads,  are  at 
(s/2,  0)  and  (+s/2,  0),  where  s  is  the  pad-to-pad  separation  of  the  differential  pad  set,  and 
these  pads  have  electric  potentials  of  Vsl  and  Vs2,  respectively.  The  potentials  at  the  other 
two  pads,  located  at  (x-s/2,  y)  and  (x+s/2,  y),  are  approximated  by 

a  V., 


ViX(x,y)  = 


Vn(x,y)  = 
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Differential-mode  operation  of  the  source  pads  is  set  by  driving  the  pads  with  equal  but 
opposite  potentials,  Vsl  =  -Vs2-Vq-  Common-mode  is  set  with  equal  potential 
sources,  Vsl  =  Vs2  =  VQ .  The  differential  signal  at  the  output  pads  is  the  difference  of 
the  potentials  of  the  two  pads 
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Vld=   Vn(x,y)-V{2(x,y) 

and  the  common-mode  output  is  the  average  potential 

_   V^x,y)  +  Va{x,y) 
ic  2 

The  pure  differential-mode  crosstalk  is  defined  as 


CrHH  = 

si 
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2aVQ 

The  pure  common-mode  crosstalk  is  defined  as 

1 
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The  differential-to-common-mode  crosstalk  is  defined  as 


Crcd  = 
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The  common-to-differential-mode  crosstalk  is  defined  as 
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(10-12) 


Using  equations  (10-9)  through  (10-12),  in  combination  with  (10-5)  and  (10-6), 
the  various  types  of  crosstalk  can  be  approximated  everywhere  in  the  xy-plane.  These 
expressions  have  been  used  to  generate  approximate  contour  maps  of  the  pad-to-pad 
crosstalk.  These  maps  are  included  in  Figures  10-32  to  10-35.  Comparing  the  measured 
pure  differential-mode  crosstalk  in  Figure  10-32,  strong  similarities  can  be  seen.  Along 
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both  the  x-axis  and  the  y-axis,  a  rapid  decline  in  the  crosstalk  with  increasing  distance  can 
be  seen.  The  theoretical  relationship  of  the  on-axis  behavior  can  be  readily  derived  from 
earlier  approximations.  Setting  the  y  ordinate  to  zero,  (10-9)  can  be  written 
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As  the  distance  between  pad  sets  becomes  much  greater  than  the  space  between  the  indi- 
vidual pads  of  a  differential  pair,  x  »  s,  and  (10-13)  becomes 

2 

Crdd  =  ^  (10-14) 

x 

With  these  approximations,  the  1/J3  characteristic  of  differential  crosstalk  becomes  clear. 
However,  the  analysis  also  indicates  that  the  differential  crosstalk  will  have  this  desired 
behavior  only  as  the  distance  between  circuits  is  large  compared  to  the  dimensions  of  the 
differential  circuits. 

Returning  to  Figure  10-32,  both  measured  and  theoretical  differential  crosstalk 
decreases  approximately  proportional  to  the  inverse  of  the  cube  of  the  distance  between 
pads  (or  -60  dB  per  decade  of  distance).  The  theoretical  contour  map  shows  unexpected 
behavior  along  radii  approximately  ±40°  from  the  y-axis.  At  these  locations,  the  theoreti- 
cal map  show  a  series  of  deep  nulls  in  the  differential  crosstalk.  This  effect  is  caused 
when  the  four  paths  (see  Figure  10-37)  are  precisely  balanced,  forcing  the  coupled  differ- 
ential signal  to  vanish.  This  phenomenon  illustrates  the  limitation  of  differential  circuits 
in  general.  Differential  circuits,  in  general,  can  only  approximately  reject  interfering  sig- 
nals. This  is  due  to  the  fact  that  interfering  signals  will  be  at  slightly  different  strengths  at 
each  of  the  two  conductors  of  a  differential  circuit.  Only  at  the  points  where  the  interfer- 


287 

ing  signal  strength  is  precisely  equal  at  the  two  conductors  will  the  differential  circuit 
completely  reject  the  signal.    This  behavior  is  not  clearly  indicated  in  the  measured  data. 
The  measurements  are  limited  to  a  course  grid,  and  rapidly  changing  features,  such  as  the 
deep  nulls,  will  likely  be  missed.  Nevertheless,  some  evidence  of  the  nulls  can  be  seen  in 
the  measured  data.  The  data  at  1 .0  GHz  has  symmetrical  minima  at  a  pair  of  points  near 
the  expected  locations.  Furthermore,  the  contours  near  the  y-axis  are  nearly  triangular, 
which  approximates  the  theoretical  contours.  In  general,  the  theoretical  calculations  of  the 
probe-to-probe  crosstalk  match  the  measured  data,  despite  the  crude  approximations 
applied. 

Comparing  the  measured  pure  common-mode  crosstalk  in  Figure  10-33,  strong 
similarities  can  be  again  be  seen.  Both  the  measured  and  theoretical  behavior  are  nearly 
independent  of  the  angle  of  rotation  in  the  ry-plane.   The  common-mode  crosstalk  level  is 
approximately  proportional  to  the  inverse  of  the  radial  distance  between  the  pads.  In  com- 
mon-mode, the  pairs  of  pads  essentially  behave  as  a  single  pads.  As  a  result,  the  common- 
mode  coupling  characteristic  closely  follows  that  of  a  single-ended  pad,  as  described  in 
(10-4). 

The  approximate  theoretical  mode-conversion  crosstalk  maps  are  shown  in 
Figure  10-34  and  Figure  10-35.  The  measured  mode-conversion  responses  are  very  simi- 
lar for  differential-to-common  and  common-to-differential.  This  is  expected  due  to  the 
port  symmetry  of  the  test  structures.  The  theoretical  maps  show  contours  that  are  very 
similar  to  the  measured  data.  The  differences  between  the  two  theoretical  mode-conver- 
sion maps  are  due  to  neglecting  the  radius  of  one  pair  of  pads.  Nevertheless,  the  measured 
data  corresponds  well  to  the  theoretical  predictions.  Both  show  the  mode-conversion  lev- 
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els  decreasing  very  rapidly  near  the  y-axis.  The  off-axis  mode-conversion  of  the  pads  is 
due  to  the  difference  in  path  lengths  between  the  four  individual  pads.  Consider  differen- 
tial-to-common mode  conversion,  for  example.  The  distance  from  one  of  the  pads  in  a 
differential  pair  to  a  point  on  the  y-axis  equal  to  that  of  the  other  pad  in  the  differential 
pair.  Thus,  a  differential  signal  on  the  pair  of  pads  at  the  origin  creates  a  zero  potential  on 
the  y-axis.  If  a  pair  of  non-source  pads  are  symmetrical  about  the  y-axis,  the  average  volt- 
age coupled  to  these  pads  is  also  zero.  The  voltage  difference  between  the  pads  is  not 
zero,  however,  so  the  pure  differential  crosstalk  is  non-zero.  As  the  output  pads  are 
moved  off  of  the  y-axis,  the  path  lengths  are  increasingly  asymmetric,  leading  to  mode- 
conversion.  The  effect  of  this  asymmetry  is  reduced  as  the  radial  distance  between  the 
pads  increase,  causing  the  difference  in  path  lengths  to  be  small  relative  to  the  overall 
length.  Along  the  x-axis,  it  can  be  shown  that  the  mode-conversion  crosstalk  is 

Crcd   =  Crdc  =  4  C°-15) 

X 

if  x  »  s .  Thus,  mode-conversion  displays  a  crosstalk  characteristic  that  is  proportional  to 
the  inverse  of  the  square  of  distance  (or  -40  dB  per  decade  of  distance).  This  indicates 
that,  in  some  cases,  mode-conversion  crosstalk  can  become  stronger  than  differential 
crosstalk,  even  in  differential  circuits  that  are  otherwise  perfectly  balanced.  This  conver- 
sion crosstalk  can  be  a  serious  limitation  in  the  effectiveness  of  differential  IC  intercon- 
nects. 

These  pad-to-pad  experiments  have  provided  the  means  for  insight  into  circuit 
crosstalk  on  ICs.  The  coarse  approximations  lead  to  analytical  relations  that  qualitatively 
follow  the  actual  crosstalk.  These  relations  represent  the  fundamental  mechanisms  of  cir- 
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cuit  crosstalk,  but  did  not  provide  accurate  quantitative  prediction  of  the  strength  of 
crosstalk.  Many  improvements  in  the  accuracy  of  the  expressions  can  be  made  by  remov- 
ing or  improving  the  applied  approximations.  These  improvements  lead  to  increasingly 
complex  analytic  expressions,  obscuring  the  meaning  of  the  expressions.  Accuracy  of  the 
analytic  expressions  can  be  significantly  improved  by  including  the  effects  of  termination 
impedances.  Other  effects,  such  as  inductive  coupling  can  also  be  included.  Ultimately, 
full  electromagnetic  analysis  of  the  structures  can  be  accomplished.  Regardless  of  the 
degree  of  completeness,  the  accuracy  of  theoretical  crosstalk  predictions  can  be  improved. 
These  predictions  can  be  used  as  a  tool  in  IC  design  to  reduce  crosstalk  between  circuits. 
In  concluding  this  chapter,  it  is  important  to  emphasize  the  enabling  role  that  the 
PMVNA  plays  in  the  study  of  IC  crosstalk,  particularly  for  differential  circuits.  With  this 
instrument,  empirical  validation  of  the  basic  crosstalk  theory  is  achieved.  Furthermore, 
the  advantages  and  limitations  of  differential  circuits  on  practical  silicon  ICs  have  been 
demonstrated.  Several  important  conclusions  can  be  made  from  this  study.  Even  with 
minimal  separation,  the  application  of  differential  IC  interconnections  significantly 
reduces  circuit-to-circuit  crosstalk  with  respect  to  single-ended  interconnections.  The  use 
of  metal  ground  planes  beneath  interconnections  greatly  reduces  crosstalk  and  improves 
the  RF  performance  of  interconnections,  for  both  single-ended  and  differential  topologies. 
The  limitations  of  differential  circuits  have  been  demonstrated  also.  The  ability  of  differ- 
ential circuits  to  reject  crosstalk  is  generally  dependent  on  the  separation  between  adjacent 
circuits.  The  general  rule  of  \ld  applies  only  as  separations  are  large  with  respect  to  the 
cross-sectional  dimensions  of  the  differential  circuit.  At  smaller  separations,  the  crosstalk 
is  stronger  than  that  predicted  by  the  \ld  rule.  The  most  important  limitation  is  perhaps 
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the  significant  level  of  mode-conversion  crosstalk  that  can  exist  between  otherwise  bal- 
anced differential  circuits,  due  simply  to  the  relative  spatial  arrangement  of  the  circuits. 

The  next  chapter  will  defined  properties  and  methods  to  aid  in  the  design  of  differ- 
ential circuits.  With  the  use  of  mixed-mode  s-parameters,  the  design  of  differential  cir- 
cuits can  be  accomplished  in  a  straight-forward  manner.  These  tools  will  allow  efficient 
differential  IC  design  which,  with  the  application  of  the  finding  of  this  chapter,  will  lead  to 
significant  reduction  in  circuit-to-circuit  crosstalk. 


CHAPTER  1 1 
PROPERTIES  OF  MIXED-MODE  S-PARAMETERS 


Mixed-mode  s-parameters  have  been  developed  for  the  accurate  measurement  and 
analysis  of  differential  RF  devices  and  circuits.  In  particular,  mixed-mode  s-parameters  of 
two-port  differential  devices  provide  mode-specific  interpretations  that  are  analogous  to 
traditional  (single-ended)  two-port  device  analysis.  However,  some  of  the  well-known 
properties  of  traditional  s-parameters  are  yet  be  formulated  in  terms  of  mixed-mode  s- 
parameter.  This  chapter  will  derive  the  mixed-mode  counterparts  of  some  of  the  most 
basic,  and  useful,  properties  of  traditional  s-parameters.  In  addition,  some  important  new 
properties  of  mixed-mode  s-parameters  will  be  discussed.  The  first  section  will  examine 
symmetry  properties  of  mixed-mode  s-parameters.  The  next  section  defines  a  balanced 
differential  device,  and  considers  its  implications.  The  following  section  will  define  the 
indefinite  mixed-mode  s-parameter  matrix,  and  derive  the  properties  associated  with  it. 
The  final  section  of  the  chapter  examines  mode-specific  gain  calculations,  and  basic 
design  methods. 

11.1.  Symmetry  of  Reciprocal  Devices 

11.1.1.  General 

Provided  that  all  ports  are  normalized  by  the  same  reference  impedance,  the  tradi- 
tional s-parameter  matrix  of  an  «-port  device  can  be  shown  to  be  symmetric  if  the  device 
is  reciprocal  [89].  For  a  reciprocal  device,  the  standard  s-parameters  have  the  property 
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Ss,d  =  (SstV  (11-1) 

Equivalently,  the  property  can  be  expressed  in  terms  of  the  elements  of  the  s-parameter 
matrix  as  s,.  =  s,..  By  direct  calculation  of  the  mixed-mode  s-parameters  with 

Smm  =  MSsldM-[  (11-2) 

it  can  be  shown  that 

Smm  =  (Smm)r  (11-3) 

In  other  words,  a  reciprocal  device  has  a  symmetric  mixed-mode  s-parameter  matrix.  In 
terms  of  the  mode-specific  responses  of  a  reciprocal  device,  it  follows  directly  from  (11-3) 
that 

T  T 

Sdd  =  Sdd  ^cc  =  ^cc 

T  (11-4) 

Scd  =  Sdc 
Thus,  a  reciprocal  differential  device  has  symmetric  pure-mode  s-parameter  partitions. 
The  reciprocal  differential  device  has  differential  s-parameters  that  behave  like  a  tradi- 
tional reciprocal  device.  Similarly,  common-mode  s-parameters  also  behave  as  reciprocal 
device.  In  contrast,  the  mode-conversion  parameters  do  not  behave  as  reciprocals  devices 
in  the  traditional  sense.  Rather,  a  reciprocal  differential  device  has  complementary  mode- 
conversion.  For  the  case  of  a  two-port  mixed-mode  device,  the  differential-to-common- 
mode  forward  transmission,  scd2i.  >s  equal  to  the  common-to-differential  reverse  transmis- 
sion, i(ici2-  This  does  not  imply  that  the  differential-to-common  mode  forward  transmis- 
sion, ic(ji2.  's  equal  to  either  of  the  previous  terms.  In  this  sense,  the  conversion  process  is 
fixed  with  respect  to  the  ports,  but  reciprocal  with  respect  to  the  modes. 


293 

11.1.2.  Port-Symmetric  Reciprocal  Devices 

An  additional  class  of  reciprocal  devices  has  played  an  important  role  in  previous 
chapters.  This  device  is  one  that  possess  differential  port  symmetry.  This  type  of  symme- 
try is  not  widely  discussed  in  traditional  two-port  devices.  However,  the  motivation  for 
defining  this  type  of  symmetry  arises  from  two-port  applications.  A  traditional  two-port 
network  can  be  said  to  have  port-symmetry  when  the  ports  can  be  interchanged  without 
affecting  the  response.  For  a  two-port  device  to  have  port  symmetry,  the  reflection  param- 
eters of  the  ports  must  be  equal,  and  the  transmission  parameters  must  also  be  equal.  This 
type  of  symmetry  is  more  restrictive  than  reciprocity  since  the  reflection  parameters  are 
encompassed.  Physically,  a  port-symmetric  device  is  one  where  there  is  an  axis  of  sym- 
metry perpendicular  to  the  direction  of  propagation  (see  Figure  11-1). 
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direction  of  propagation 
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port  1 
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port  4 


"direction  of  propagation 


(b) 


Figure  11-1.     Port-symmetric  devices,  a)  Traditional  two-port  device,  b)  Mixed-mode 
two-port  device. 
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Extending  the  definition  of  port-symmetry  to  differential  devices  relies  of  the  con- 
cept of  an  axis  of  symmetry.  In  particular,  when  an  axis  of  symmetry  is  perpendicular  to 
the  direction  of  propagation  of  the  differential-mode,  for  example,  the  differential  device 
can  be  said  to  possess  port-symmetry.  This  does  not  require  that  the  two  constituent  sin- 
gle-ended ports  of  a  differential  port  be  identical  (see  Figure  11-1). 

Under  port-symmetry,  it  can  be  shown  that  the  mixed-mode  s-parameters  have 
some  important  properties.  Significantly,  the  mode-conversion  partitions  are  equal 

(11-5) 

T 
The  device  is  also  reciprocal,  so  Scd  =  Sdc  still  holds.  This  means  the  mode-conversion 

parameters  behave  as  reciprocal  devices.  The  condition  of  port-symmetry  has  further 

implication  for  mixed-mode  s-parameters.  Each  of  the  four  two-by-two  partitions  of  the 

mixed-mode  parameters  contain  only  two  unique  parameters:  one  for  transmission  and 

one  for  reflection.  That  is 


Scd  -  Sdc 


*ddll  ^ddn  *dcll  *dcl2 
''ddn  *ddll  ''den  ■'dell 
''cdll  ^12  ^ccll  sccl2 
Jcdl2  Jcdll  sccl2  ■'cell 


sn  sn  sn  i,4 


*12  's22  *14  SU 


s13  ^14  ^11  *12 


S1A  S'iA   Si-i  S~ 


(11-6) 


'14  J24  *\2  J22 

Hence,  the  partitions  of  the  mixed-mode  s-parameters  are  each  port-symmetric. 
1 1 .2.  Balanced  Devices 


This  type  of  device  is  defined  in  terms  of  a  mixed-mode  representation.  By  defini- 
tion, a  balanced  differential  device  has  no  mode-conversion 


sdc  =  Scd  =  ° 


(11-7) 
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This  definition  can  apply  to  any  type  of  differential  device:  passive,  active,  reciprocal,  and 
so  on.  Under  balanced  conditions,  the  device  can  be  separated  into  two  independent  net- 
works, one  for  the  differential  response  and  one  for  the  common-mode  response.  These 
two  network  can  be  separated  in  both  analysis  and  design. 

The  condition  of  balance  has  some  implications  for  the  traditional  s-parameters 
that  are  useful  to  consider.  By  applying  the  transformation 


sstd  =  M-lsmmw 


(11-8) 


one  finds 


''ddll  *ddl2      °        ° 
■^21  *dd22      °        ° 
0         °      scell  sccI2 


sn  sl2  ,s13  sl4 


s\2  SU  s14  stt 


(11-9) 


This  gives  some  insight  into  the  meaning  of  balance  with  respect  to  traditional  parameters. 
In  such  terms,  a  balanced  device  has  identical  signal  paths  on  each  "side"  of  the  differen- 
tial circuit.  For  example,  the  transmission  from  port  one  to  port  three  (on,  say,  the  "posi- 
tive side"  of  a  differential  circuit)  is  equal  to  the  transmission  from  port  two  to  port  four 
(on  the  "negative  side"  of  the  differential  circuit).  In  this  way  balance  in  the  device  is 
achieved. 
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Figure  1 1-2.     Balance  in  devices,  a)  Balanced  device  illustrating  propagation  symmetry, 
b)  Unbalanced  device  without  propagation  symmetry. 


An  alternative  interpretation  of  circuit  balance  can  be  given  in  terms  of  symmetry. 
Examining  the  form  of  the  traditional  four-port  s-parameters  in  (1 1-9),  and  comparing  it  to 
those  of  the  port-symmetric  device  in  (11-6),  one  can  see  that  balance  is  related  to  symme- 
try in  direction  of  propagation.  Specifically,  balance  in  a  device  is  possible  when  there  is 
an  axis  of  symmetry  parallel  with  direction  of  propagation.  This  type  of  symmetry,  which 
can  be  called  propagation  symmetry,  is  illustrated  in  Figure  11-2.  Such  symmetry  gener- 
ally is  physical  (as  in  symmetry  of  physical  dimensions),  but  must  also  be  electrical 
response  symmetry.  For  example,  active  differential  circuits  can  be  physically  symmetric, 
but  care  must  be  taken  in  the  balance  of  electrical  operation  of  the  active  devices  (bias, 
device  area  matching,  etc.)  so  that  balanced  operation  is  maintained. 
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1 1.3.  Indefinite  Mixed-Mode  S-Parameters 

Indefinite  s-parameter  matrices  are  typically  used  in  active  devices.  In  terms  of 
traditional  single-ended  circuits,  the  indefinite  s-parameter  matrix  relates  the  s-parameters 
of  a  transistor  with  one  terminal  grounded  to  the  s-parameters  of  the  same  device  with  a 
different  port  grounded.  For  example,  the  s-parameters  of  a  bipolar  transistor  in  common- 
base  (CB)  connection  can  be  related  to  the  s-parameters  of  the  same  device  in  common- 
emitter  (CE)  connection.  The  indefinite  s-parameters  of  a  device  are  defined  as  those 
found  when  all  terminals  of  the  device  are  used  as  measurement  ports.  The  name  "indefi- 
nite" is  derived  since  no  terminal  is  grounded  as  a  definite  reference  [23].  Thus,  a  three 
terminal  device,  like  a  typical  bipolar  transistor,  has  a  three-port  indefinite  s-parameter 
matrix. 
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Figure  11-3.     Use  of  traditional  indefinite  s-parameter  matrix  of  a  bipolar  transistor. 
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The  indefinite  s-parameter  matrix  is  useful  since  the  s-parameters  of  all  possible 
referenced  configurations  of  a  device  can  be  derived  from  it  by  observation.  For  example, 
let  port  one  of  the  indefinite  matrix  corresponds  to  the  base  of  a  bipolar  transistor,  port  two 
to  the  collector,  and  port  three  to  the  emitter.  Then  the  s-parameters  of  the  device  in  com- 
mon-collector (CC)  configuration  can  be  immediately  found  by  striking  the  third  row  and 
third  column  of  the  indefinite  s-parameter  matrix.  The  remaining  parameters  form  the 
two-port  s-parameters  of  the  device  in  CC  configuration. 

Direct  measurement  of  the  indefinite  s-parameter  matrix  of  a  device  requires  a 
three-port  VNA.  (This  is  a  possible  application  of  the  PMVNA.)  However,  the  true  utility 
of  the  indefinite  s-parameter  matrix  is  that  it  can  be  readily  found  from  the  s-parameters  of 
one  of  the  definite  configurations.  The  indefinite  s-parameter  matrix  has  the  property  that 
each  row  and  column  sum  to  one  [23].  As  a  result,  the  indefinite  s-parameter  matrix  can 
be  found  from  any  configuration.  For  example,  the  CE  s-parameters  of  a  device  can  be 
measured,  and  the  indefinite  s-parameter  matrix  calculated.  The  s-parameter  of  any  other 
configuration  can  now  be  found.  (This  approach  can  have  practical  difficulties  at  RF.  The 
parasitic  effects  of  the  grounding  and  biasing  elements  can  make  each  of  the  configura- 
tions differ.  Care  must  be  taken  when  applying  the  indefinite  s-parameter  matrix  method 
for  RF  operation.) 

The  concepts  of  the  indefinite  s-parameter  matrix  can  be  extended  to  differential 
circuits  and  mixed-mode  s-parameters.  The  fundamental  differential  device  must  be 
defined,  however.  The  basic  unit  in  traditional  indefinite  s-parameter  matrices  is  the  sin- 
gle three-terminal  transistor.  By  analogy,  a  pair  of  matched  transistors  will  be  defined  as 
the  basic  differential  device.  This  basic  device  is  illustrated  in  Figure  1 1-4,  showing  port 
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numbering  conventions  to  be  used  in  the  following  developments.  From  this  basic  differ- 
ential device,  a  large  variety  of  practical  differential  circuits  can  be  constructed.  These 
differential  circuits  can  have  any  of  the  mixed-mode  ports  grounded.  For  example, 
grounding  mixed-mode  port  three  will  result  in  a  simple  differential  amplifier  (essentially, 
two  single-ended  CE  amplifiers  in  parallel).  By  connecting  the  terminals  of  mixed-mode 
port  three  together,  and  grounding  them  through  a  single  resistor,  a  more  familiar  differen- 
tial amplifier  is  constructed.  By  knowledge  of  the  indefinite  s-parameter  matrix  of  the 
basic  differential  pair,  the  s-parameters  of  these  specific  amplifier  configurations  can  be 
easily  found. 

Now  that  the  basic  differential  active  device  has  been  defined,  it  is  important  to 
find  the  relationships  that  govern  its  indefinite  s-parameter  matrix.  With  these  estab- 
lished, the  indefinite  s-parameter  matrix  can  be  readily  found  from  a  single  measurement 
of  the  basic  differential  pair.  The  relationships  that  are  required  can  be  derived  from  con- 
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Figure  11-4.     Schematic  of  basic  differential  gain  block  for  indefinite  s-parameter  defini- 
tion. 
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sideration  of  the  direct  measurement  of  the  indefinite  s-parameter  matrix.  The  schematic 
for  such  a  measurement  is  shown  in  Figure  11-5.  The  currents  into  the  terminals  of  the 
ports  can  be  expressed  as  a  sums  of  forward  and  reverse  current  waves 


'11  =  '< 


•It 


11    -    '11      '11 

'21   =  (21_i21  '22  =  '22~!22  (11-10) 

_    .+        .-  ,+ 

'31   _  '31  _i31  !32  ~  '32_,32 

This  is  always  true,  regardless  of  port  terminations  or  stimulus.  With  mixed-mode  ports 
two  and  three  terminated  in  their  characteristic  impedances,  as  shown  in  Figure  11-5,  cer- 
tain terms  of  (11-10)  vanish 
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Summing  current  at  the  ground  node,  it  is  found  that 
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Figure  1 1-5.     Schematic  for  calculating  indefinite  mixed-mode  s-parameter  relations. 
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which,  when  combined  with  (11-11),  becomes 

'n-'n  +  ''l2-'i2-'21-'22-'31-'32  =  °  d1"13) 

When  the  pair  is  stimulated  with  a  pure  differential-mode  signal  at  port  one, 

I'll  =-'12  (H-14) 

which  causes  (1 1-13)  to  become 

/ll+'l2  +  '21+i22  +  '31+'32  =  °  d1"15) 

However,  from  the  fundamental  definitions  of  common-mode  currents  of  (3-4), 


equation  (1 1-15)  becomes 


Dividing  by  the  differential  input  current,  ij, ,  (11-17)  becomes 


(11-17) 


lc\      V2      'c3 

—  +  — +  —  =  0  (H-18) 


Vl     ld\     Vl 
By  definition  of  s-parameters 

sjk  =  i  (n-19) 

lk 

so  equation  (1 1-18)  can  be  stated  as 

5cdll+Scd21+Scd31  =  °  (H-20) 

Similar  results  can  be  found  when  driving  other  ports.  In  general,  it  can  be  said  that  the 
sums  over  each  column  of  Scc|  equals  zero 
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Xscd..  =  0,V/  (11-21) 

In  the  same  fashion,  it  can  be  shown  that  the  sum  over  each  row  of  Scd  equals  zero 


E5cd,;  =  °.V>  (H-22) 

i=  1 

By  summing  the  currents  entering  Qj.it  can  be  shown 


5ddll+Sdd21+5dd31+2(5cdll+Scd21+5cd3l)  =  1  (H-23) 

But  from  (1 1-20),  this  can  be  written  as 

5ddll+5dd2l+5dd31  =   '  (U-24) 

So,  in  general,  the  sum  over  each  column  of  Sdd  equals  one 

n 
ZSddtf=1'V«  (H-25) 

Similarly,  it  can  be  shown  that  the  sum  over  each  row  of  Sdd  equals  one 

// 

Xsddy=1.V/'  (H-26) 

i=  1 
With  similar  arguments,  can  also  be  shown  that  the  sum  over  each  row  of  Scc 
equals  one 

n 

I5cc^='.Vi  (11-27) 

;=  i 
sum  over  each  column  of  Scc  equals  one 
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5X0-1.V*  (11-28) 

7=1 


sum  over  each  row  of  S^c  equals  zero 


I>dc/..  =  0,Vy  (11-29) 

i=  1 

sum  over  each  column  of  Sdc  equals  zero 

n 
X5dc,7  =  0-V'  (11-30) 

7=1 

The  important  relationships  governing  the  indefinite  mixed-mode  s-parameter 
matrix  can  be  summarized  with  the  following  statements.  ( 1 )  Each  row  and  column  of  the 
pure-mode  s-parameters  sum  to  one.  (2)  Each  row  and  column  of  the  mode-conversion 
parameters  sum  to  zero.  These  relationship  apply  regardless  of  the  balance  between  tran- 
sistors g]  and  Q2.  With  these  relationships,  the  indefinite  mixed-mode  s-parameter 
matrix  can  be  easily  calculated  from  the  mixed-mode  s-parameters  of  a  basic  differential 
pair  measured  with  a  specific  configuration.  For  example,  the  simple  differential  pair  of 
Figure  11-4  can  be  grounded  at  the  emitters.  The  resulting  device  is  a  differential  two- 
port,  and  can  be  measured  with  the  PMVNA.  From  these  measurements,  the  indefinite 
mixed-mode  s-parameter  matrix  can  be  calculated.  With  the  use  of  the  indefinite  mixed- 
mode  s-parameter  matrix,  the  overall  s-parameters  of  many  practical  differential  amplifi- 
ers can  be  easily  found  from  the  measurements  of  a  simple  differential  pair. 
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1 1.4.  Device  Mode  Specific  Gains  of  Ideally  Balanced  Differential  Circuit 

One  of  the  primary  goals  in  developing  mixed-mode  s-parameters  is  to  aid  the 
analysis  and  design  of  differential  circuits.  With  traditional  two-port  devices,  many  well 
established  analysis  and  design  methods  have  been  developed  for  use  with  s-parameters. 
Examples  of  such  techniques  are  stability  analysis,  maximum  gain  calculations,  and 
source  and  load  terminations  for  maximum  gain.  These  methods  are  typically  applied  to 
active  devices  for  amplifier  design,  but  are  equally  valid  for  use  with  passive  networks. 
This  section  will  demonstrate  how  mixed-mode  s-parameters  can  be  teamed  with  tradi- 
tional two-port  techniques  to  produce  useful  design  and  analysis  tools  for  differential  cir- 
cuits. 

By  representation  with  mixed-mode  s-parameters,  the  responses  of  a  differential 
circuit  are  explicitly  stated  in  terms  of  the  desired  modes  of  operation,  the  differential  and 
common-modes.  A  two-port  differential  device  has  a  two-port  pure  differential  response, 
and  likewise  for  the  pure  common-mode  and  mode-conversions  responses.  The  two-port 
differential  circuit  can  then  be  considered  as  four  two-port  devices.  For  example,  a  differ- 
ential amplifier  can  be  represented  as  four  two-port  amplifiers,  as  shown  in  Figure  11-6. 
With  this  interpretation,  each  of  the  four  networks  can  be  analyzed  as  a  two-port  network 
with  traditional  two-port  methods.  Under  certain  conditions,  the  traditional  two-port 
methods  can  be  directly  applied  to  each  of  the  modal  partitions.  The  condition,  which  will 
be  assumed  throughout  the  rest  of  this  chapter,  is  that  of  an  ideally  balanced  differential 
circuit.  As  discussed  in  Section  1 1 .2,  a  balanced  differential  circuit  has  identically  zero 
mode-conversion  responses.  Under  this  condition,  the  pure-mode  responses  can  be 
treated  as  independent  networks,  but  care  must  be  taken  with  reference  impedances.  The 
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Figure  11-6.     Representation  of  mixed-mode  response  of  ideally  balanced  differential 
amplifier. 


differential-mode  ports  typically  have  a  100£2  reference  impedance,  whereas  the  common- 
mode  ports  have  a  25Q  reference  impedance.  The  analysis  and  design  of  differential  RF 
circuits  can  now  be  demonstrated. 
1 1 .4. 1 .  Transducer  Power  Pains 

With  this  interpretation,  the  differential-mode  gain  of  an  amplifier  (or  loss  through 
a  passive  device)  can  now  be  calculated.  One  widely  accepted  gain  definition  for  RF  and 
microwave  circuits  is  the  transducer  power  gain  [23].  The  traditional  definition  of  this 
gain  can  be  extended  to  the  differential-mode  as 

r        _  differential  power  delivered  to  the  differential-mode  load 
Tdd  differential-mode  power  available  from  the  source 

The  differential-mode  power  available  from  the  source  is  calculated  from  the  differential 

normalized  power  waves  defined  in  (3-24) 

i        ,2 


AVS(d) 


(11-32) 
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The  power  delivered  to  the  differential-mode  load  is  calculated  by 

P2(6)  =  M2-W2  (H-33) 

The  differential  transducer  power  gain  is  a  function  of  the  source  and  load  terminations.  If 
the  differential  source  impedance  is  expressed  as  a  differential  reflection  coefficient,  rsd, 
then 

„  Zsd  ~  Z0d 

rsd  =  2    +Z  (11"34) 

^sd  +  z0d 

where  Zod  is  the  differential  reference  impedance.  Likewise,  the  differential  load  imped- 
ance is  defined  as 

ZLd  ~  Z0d 
rLd  =  z     +z  (H-35) 

^Ld  +  ^0d 

These  definitions  are  straight-forward  extensions  of  traditional  reflection  coefficient  defi- 
nitions [23],  With  these  source  and  load  reflection  coefficients,  the  differential  transducer 
power  gain  (or  loss)  can  be  expressed  as 

,2  2 

i  -  r  i     r 

n                        l'sd|        ,           .2       l_1Ld 
Tdd  =  n  _r      r    l2l*dd2 ' '  h T~^  ( '  1  -36) 

I'      MNd'sdl  |1_Jdd221Ld| 

where 

sddl2sdd2irLd 

riNd  =  ^ddi  i  +  ~rr; — r~~  (i  1-37) 

1      Jdd22'  Ld 
Again,  these  expressions  are  straight-forward  extensions  of  traditional  two-port  expres- 
sions [23]  with  the  differential  parameters  replacing  the  single-ended  parameters.  With 
equations  (1 1-36)  and  (1 1-37),  the  pure  differential  transducer  power  gain  can  be  directly 
calculated  from  the  pure  differential  s-parameters.  Again,  these  expressions  apply  only 
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when  the  mode-conversion  is  approximately  zero  (or  when  the  common-mode  ports  are 
terminated  in  the  reference  impedance). 

Similarly,  the  common-mode  power  gain  can  be  defined.  The  transducer  power 
gain  can  be  defined  for  the  common-mode  response  as 

„        _  common-mode  power  delivered  to  the  common-mode  load 
Tcc  common-mode  power  available  from  the  source 

The  common-mode  power  available  from  the  source  is  calculated  from  the  common-mode 

normalized  power  waves  defined  in  (3-25) 

PAVS(c)  =  Kl|2  (H-39) 

The  power  delivered  to  the  common-mode  load  is  calculated  by 

P2(c)  =  |foc2]2-K2|2  (H-40) 

The  common-mode  source  impedance  is  expressed  as  a  differential  reflection  coefficient 

„         Zsc  ~  Z0c 

rsc  =  7~TtT  C1"41) 

where  Z0c  is  the  common-mode  reference  impedance.  The  common-mode  load  imped- 
ance is  defined  as 

7     -7 

rLc  =  7     +z  (11-42) 

With  these  source  and  load  reflection  coefficients,  the  common-mode  transducer  power 
gain  (or  loss)  can  be  expressed  as 

r  '-N2      i  ,2       '-lrLc|2 

gtcc  =  — — — zKail r^  (U-43) 

T      'iNc'scI  I1  "'?cc221Lc| 

where 
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•5ccl2'scc2irLc 

riNc  =  sccii  +  ~r~s — r~  (11_44) 

1      'Scc22I  Lc 


Thus,  the  common-mode  power  gain  can  be  simply  calculated  from  the  pure  common- 
mode  s-parameters.  Like  the  differential  response,  the  pure  common-mode  response  is 
treated  as  a  traditional  two-port  device.  Again,  these  expressions  apply  only  when  the 
mode-conversion  is  approximately  zero  (or  when  the  differential-mode  ports  are  termi- 
nated in  the  reference  impedance). 
1 1.4.2.  Maximum  Power  Gains 

With  the  developments  of  the  previous  section  as  a  guide,  many  more  useful  anal- 
ysis and  design  tools  established  for  traditional  two-port  networks  can  be  applied  to  differ- 
ential circuits  with  the  use  of  mixed-mode  s-parameters.  One  key  design  tool  is  the 
method  for  achieving  maximum  power  gain  through  choice  of  source  and  load  imped- 
ances. A  related  issue  is  stability  analysis  of  a  device.  Both  of  these  methods  form  the 
foundations  of  RF  amplifier  design  for  traditional  two-port  devices.  These  fundamental 
design  methods  can  be  applied  to  differential  circuits  by  substituting  the  appropriate 
mixed-mode  s-parameters  in  the  traditional  expressions.  Again,  for  direct  application  of 
the  two-port  expression,  the  mode-conversion  responses  must  be  zero.  The  differential 
maximum  power  gain  will  be  developed  as  an  example. 

Following  traditional  development  [23],  it  is  known  that  maximum  power  gain  in  a 
two-port  device  occurs  when  both  ports  are  simultaneously  conjugately  matched.  In  the 
case  of  a  differential  device,  maximum  differential  power  gain  occurs  when  both  ports  are 
simultaneously  conjugately  matched  deferentially.  From  two-port  theory,  it  is  known  that 
the  condition  of  simultaneously  conjugately  match  is  possible  only  when  the  device  is 
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unconditionally  stable.  The  stability  of  the  differential  response  can  be  found  with  the  use 
of  the  following  adapted  differential  quantities 

Add  =  iddll,rdd22-,sddl2'sdd21  (H-45) 

.2     .          .2      ,        ,2 
„            '"Kidll     ~  Jdd22     +  Add 
^dd  =  Ws S 1 (11"46) 

For  the  differential  response  to  be  stable  for  all  possible  (passive)  combinations  of  differ- 
ential source  and  load  terminations,  the  following  must  be  true 

KM>\  (11-47) 

and 

|Add|<l  (11-48) 

If  this  is  the  case,  then  differential  source  and  load  terminations  exist  to  result  in  a  simulta- 
neously conjugate  match  (deferentially).  Continuing  the  adaptation  of  traditional  develop- 
ment [23],  these  optimum  terminations  can  be  expressed  as 


„  Bldd-"/Bldd-4|Cldd| 

FMsdd  =  2T (1M9) 


where 


r  _  g2dd~  Vg2dd~4|C2ddl 

^Ldd Jr (11-50) 

zc2dd 


Bidd  =  1  +  hdn|2-hd22|2-|Add|2  (n-51) 


B2dd=i+hd22|  -hdn|2-|Add|2  (n-52) 


CIdd  _  Jddll  _AddJdd22  (H-53) 
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C2dd  ~  Jdd22     Addsddll 


(11-54) 

By  terminating  the  differential  device  with  the  differential  impedances  represented  in 
equations  (1 1-49)  and  (1 1-50),  the  maximum  differential  power  gain  of  the  device  can  be 
achieved.  With  these  terminations,  the  transducer  power  gain  is  found  to  be 


Tmax(dd) 


Jddl2 


^dd  _  V^dd 


(11-55) 


Through  very  similar  developments,  the  common-mode  simultaneously  conjugate 
match  can  be  derived  (provided  the  common-mode  response  in  unconditionally  stable).  In 
most  applications,  however,  maximizing  the  common-mode  gain  is  not  a  design  goal. 
Additionally,  it  is  possible  to  calculate  the  simultaneously  conjugate  match  impedances 
for  the  mode-conversion  responses.  Increasing  mode-conversion  is  generally  contrary  to 
the  design  goals  of  a  differential  device. 

To  illustrate  the  use  of  the  concepts  in  this  section,  some  calculations  on  a  repre- 
sentative differential  RF  amplifier  are  presented  below.  The  amplifier  circuit  is  a  shown 

+5.0  Vdc 


Figure  11-7.     Schematic  of  simulated  RF  balanced  differential  amplifier. 
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in  Figure  1 1-7  (note  that  this  is  very  similar  to  Figure  D-l  of  Appendix  D,  except  the  emit- 
ter resistor  are  now  balanced).  The  mixed-mode  s-parameters  are  generated  through  sim- 
ulations of  the  circuit  in  MDS.  Using  the  simulated  mixed-mode  s-parameters,  the 
maximum  differential  power  gain  can  be  calculated.  The  stability  of  the  differential 
response  is  determined  by  applying  (1 1-45)  and  (1 1-46).  The  conditions  (1 1-47)  and 
(1 1-48)  are  true,  indicating  that  the  amplifier  is  unconditionally  stable  over  the  entire  fre- 
quency band  examined.  Figure  1 1 -8(a)  shows  the  differential  stability  factor,  KM,  versus 
frequency.  Since  the  device  is  differentially  stable,  the  maximum  power  gain  can  be  cal- 
culated via  ( 1 1  -55).  This  maximum  gain  is  also  plotted  in  Figure  1 1  -8(a).  At  1 .0  GHz,  for 
example,  the  maximum  differential  power  gain  from  the  amplifier  is  10.3  dB.  The  opti- 
mum differential  source  and  load  terminations  (simultaneous  conjugate  match  termina- 
tions) are  shown  in  Figure  1  l-8(b)  in  terms  of  reflection  coefficients.  The  values  at 
1.0  GHz  are  rMsd  =  0.853Z105°  (ZMsd  =  12.6  +  J76.0  O)  for  the  differential  source  termi- 
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Figure  11-8.     Maximum  differential  power  gain  of  simulated  differential  amplifier. 

a)  Maximum  differential  power  gain  in  dB  and  stability  factor  versus  fre- 
quency, b)  Optimum  differential  terminations  versus  frequency. 


312 

nation  and  rMLd  =  0.514Z133"  (ZMLd  =  37.4  +  J38.3  Q)  for  the  differential  load  termina- 
tion. When  the  amplifier  is  terminated  with  these  differential  impedances,  the  differential 
gain  will  be  equal  to  the  calculated  maximum  gain  (10.3  dB  at  1.0  GHz). 

Similarly,  the  maximum  common-mode  gain  can  be  calculated.  The  common- 
mode  response  of  the  amplifier  is  also  unconditionally  stable.  The  common-mode  stabil- 
ity factor,  Kcc,  and  the  maximum  common-mode  power  gain  are  plotted  versus  frequency 
in  Figure  1  l-9(a).  These  values  are  calculated  through  expressions  analogous  to  equations 
(1 1-45)  through  (1 1-55)  with  the  common-mode  quantities  substituted  for  the  differential 
quantities.  At  1.0  GHz,  the  maximum  common-mode  power  gain  from  the  amplifier  is 
4.3  dB.  The  optimum  differential  source  and  load  terminations  (simultaneous  conjugate 
match  terminations)  are  shown  in  Figure  1  l-9(b)  in  terms  of  reflection  coefficients.  The 
values  at  1.0  GHz  are  rMsc  =  0.971Z18.3°  (ZMsc  =  14.4  +j  154  £2)  for  the  common-mode 
source  termination  and  rMLc  =  0.487Z1 19°  (ZMLc  =  1 1.2  +J12.5  Q)  for  the  common- 
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Figure  1 1-9.  Maximum  common-mode  power  gain  of  simulated  differential  amplifier, 
a)  Maximum  common-mode  power  gain  in  dB  and  stability  factor  versus 
frequency,  b)  Optimum  common-mode  terminations  versus  frequency. 
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mode  load  termination.  When  the  amplifier  is  terminated  with  these  common-mode 
impedances,  the  common-mode  gain  will  be  equal  to  the  calculated  maximum  common- 
mode  gain. 
1 1.4.3.  Power  Gain  Circles 

A  fundamental  property  of  the  mixed-mode  representation  of  a  differential  circuit 
with  no  significant  mode-conversion  is  that  the  differential  and  common-mode  gains  can 
be  set  independently.  This  property  allows  the  design  of  the  differential  and  common- 
mode  responses  of  a  circuit  to  be  pursued  to  independent  design  goals.  In  the  previous 
example,  both  the  differential  and  common-mode  power  gains  have  been  maximized. 
Alternatively,  one  could  design  matching  impedances  that  maximize  differential  gain 
while  simultaneously  greatly  reducing  the  common-mode  power  gain. 

To  aid  in  the  design  of  non-maximum  gain  responses,  mode-specific  power  gain 
circles  will  now  be  introduced.  Power  gain  circles,  for  traditional  two-port  networks,  are 
contours  of  constant  gain  as  a  function  of  termination  impedances  [23].  These  circles 
allow  a  particular  gain  (less  than  maximum)  to  be  achieved  through  intentionally  mis- 
matching the  amplifier.  The  circles  indicate  all  possible  termination  impedances  that  will 
produce  the  desired  gain.  Typically,  a  mis-matched  amplifier  design  is  begun  by  de-cou- 
pling the  source  and  load  match  problems.  In  gain  circles,  this  de-coupling  translates  into 
the  use  of  powers  gains  other  than  the  transducer  gain.  One  method  of  miss-matched 
amplifier  design  is  based  on  available  power  gain.  This  power  gain  is  calculated  assuming 
the  output  of  the  device  is  always  conjugately  matched  as  the  input  match  is  varied.  As  a 
result,  the  available  gain  is  independent  of  the  load  termination.  For  the  pure  differential 
response,  this  gain  is  defined  as 
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differential  power  available  from  the  device  ouput 


(11-56) 


A(dd)  differential  power  available  from  the  source 

Another  method  of  miss-matched  amplifier  design  is  based  on  operating  power  gain.  This 
power  gain  is  calculated  assuming  the  input  of  the  device  is  always  conjugately  matched 
as  the  output  match  is  varied.  As  a  result,  the  operating  gain  is  independent  of  the  source 
termination.  For  the  pure  differential  response,  this  gain  is  defined  as 

_  differential  power  delivered  to  the  load 
P(dd)        differential  power  input  to  the  device 

The  gain  circles  for  both  of  these  differential  power  gains  are  developed  directly  from  the 
traditional  two-port  expression  [23].  These  circles  have  been  plotted  for  the  example  dif- 
ferential amplifier,  at  1.0  GHz,  in  Figure  11-10.  The  smallest  circles  on  these  plots  corre- 
spond to  nearly  maximum  gains  (the  actual  maximum  are  points  near  the  centers  of  the 
smallest  shown  circles).  The  gains  corresponding  to  smallest  circles  are  very  close  to  the 
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Figure  11-10.  Constant  differential  power  gain  circles  of  simulated  differential  amplifier. 

a)  Available  differential-mode  power  gain  circles  in  dB  at  1.0  GHz. 

b)  Operating  differential-mode  power  gain  circles  in  dB  at  1.0  GHz 


315 

maximum  transducer  gain  values.  In  fact  the  maximum  values  of  all  three  types  of  gains 
are  equal,  corresponding  to  simultaneously  conjugate  matches. 

The  common-mode  power  gain  circle  can  be  similarly  developed.  Both  the  avail- 
able and  operating  common-mode  power  gain  circles  are  plotted,  at  1.0  GHz,  in 
Figure  11-11.  From  these  plots,  it  is  possible  to  choose  common-mode  termination 
impedances  that  reduce  the  common-mode  gain  of  the  amplifier.  For  example,  if  a  com- 
mon-mode load  termination  is  chosen  to  be  Tj^.  =  0.95Z-90",  then  the  common-mode  gain 
of  the  amplifier  is,  at  best,  only  -12  dB.  In  fact,  by  also  miss-matching  the  source  to  rsc  = 
0.95Z-90",  the  common-mode  power  transducer  gain  is  reduced  to  -31  dB.  The  miss- 
matching  of  the  common-mode  response  has  no  effect  on  the  differential  response.  Thus, 
by  setting  the  differential  terminations  to  the  optimum  values  (rsd  =  0.853Z1050  and  rLd 
=  0.514Z133")  a  differential  gain  of  10.3  dB  is  achieved. 
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Figure  11-11.  Constant  common-mode  power  gain  circles  of  simulated  differential 
amplifier,  a)  Available  common-mode  power  gain  circles  in  dB  at 
1 .0  GHz.  b)  Operating  common-mode  power  gain  circles  in  dB  at  1 .0  GHz 
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These  termination  values  can  be  translated  into  equivalent  networks  at  the  input 
and  output  of  the  amplifier.  The  differential  and  common-mode  terminations  can  simulta- 
neously generated  by  either  a  "tee"  or  "pi"  network  [10].  For  example,  the  output  load  can 
be  shown  to  be  equivalent  to  the  circuit  shown  in  Figure  11-12.    The  relations  between 
differential/common-mode  impedances  and  the  elements  in  the  "pi"  network  can  be 
shown  to  be 


Z,  =  2ZC 


(11-58) 


4Z  -Z, 


Optionally,  the  "tee"  network  elements,  as  shown  in  Figure  11-13,  can  be  shown  to  be 


z3  =  Zc-T 


(11-59) 


ZLc=1.3-j25n 
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Figure  11-12.  Equivalent  load  network  providing  specified  differential  and  common- 
mode  load  impedances. 
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to  amp  (+) 


to  amp  (-) 


Figure  11-13.  Equivalent  "tee"  network  providing  specified  differential  and  common- 
mode  termination  impedances. 


Matching  networks  can  be  designed  to  generate  the  desired  impedances  at  the 
input  and  output  of  the  device,  given  source  and  load  impedance.  The  design  of  these  net- 
works can  proceed  along  traditional  lines  with  the  separate  design  tasks  for  the  differential 
and  common-mode  matching  networks. 

The  properties  discussed  in  this  chapter  make  mixed-mode  s-parameters  very  use- 
ful in  the  analysis  and  design  of  RF  differential  circuits.  This  chapter  has  illustrated  how 
some  of  the  most  useful  concepts  of  traditional  s-parameters  are  embodied  in  mixed-mode 
s-parameters.  In  particular,  the  utility  of  mixed-mode  parameters  is  founded  in  their  abil- 
ity to  isolate  the  response  of  a  device  to  a  single-mode  signal.  This  ability  allows  separa- 
tion of  the  design  and  analysis  of  each  mode  response,  so  that  these  tasks  can  proceed 
along  traditional  lines. 


CHAPTER  12 
CONCLUSIONS 


This  work  has  provided  a  way  to  accurately  measure,  analyze,  and  design  RF  and 
microwave  differential  circuits.  The  motivation  for  this  work  is  the  drive  to  higher  levels 
of  circuit  integration  and  decreasing  power  supply  voltage.  Historic  applications  of  differ- 
ential topologies  promise  that  integrated  RF  differential  circuits  can  reduce  unwanted  cir- 
cuit-to-circuit coupling  and  increase  dynamic  range.  The  inability  to  accurately  measure, 
analyze,  and  design  differential  circuits  at  RF  has  impeded  their  wide  spread  use  in  IC 
applications. 

The  reasons  for  these  problems  have  been  enumerated  in  Chapter  2,  showing  sev- 
eral weaknesses  in  accepted  engineering  practices  with  respect  to  differential  circuits.  The 
traditionally  accepted  analog  definitions  of  differential  and  common-mode  voltages  and 
currents  are  not  appropriate  for  power  calculations.  Power-based  quantities  are  a  funda- 
mental requirement  of  RF  methods.  No  theory,  prior  to  this  work,  was  found  for  the  accu- 
rate analysis  of  RF  differential  circuits.  Furthermore,  no  measurement  technique,  existing 
prior  to  this  work,  is  appropriate  for  accurate  characterization  of  RF  differential  circuits. 

The  fundamental  theory  of  mode-specific  analysis  of  RF  differential  circuits  was 
developed  in  Chapter  3.  This  original  work  is  based  on  a  new  set  of  definitions  for  differ- 
ential and  common-mode  voltages  and  currents  which  are  appropriate  for  power  calcula- 
tions. With  these  new  definitions,  mode-specific  scattering  parameters,  termed  mixed- 
mode  s-parameters,  have  been  developed  which  completely  describe  the  linear  behavior  of 

318 


319 

an  RF  differential  circuit.  These  mixed-mode  s-parameters  have  been  interpreted,  and 
shown  to  be  useful  in  understanding  differential  circuit  operation.  The  relation  between 
mixed-mode  s-parameters  and  traditional  s-parameters  was  established.  This  relations  is 
useful  for  deriving  mixed-mode  s-parameters  from  traditional  RF  simulators.  This  rela- 
tionship suggested  a  more  general  interpretation  of  multi-mode  circuits.  Following  from 
this,  a  generalized  development  of  mode-specific  s-parameters  was  advanced  which  was 
not  limited  to  differential  circuits. 

The  measurement  of  RF  differential  circuits  was  successfully  addressed  in 
Chapter  4  with  development  of  the  pure-mode  vector  network  analyzer  (PMVNA).  This 
new  measurement  instrument  directly  measures  the  differential-mode,  common-mode, 
and  mode-conversion  responses  of  a  two-port  RF  differential  device.  This  specialized  net- 
work analyzer  was  implemented  with  standard  commercial  test  equipment,  making  it 
practical  to  reproduce.  The  PMVNA  was  shown  to  make  accurate  mixed-mode  s-parame- 
ter  measurements  in  Chapter  5.  The  PMVNA  was  further  shown  to  have  significantly 
increased  dynamic  range  in  its  differential  measurements,  with  respect  to  traditional  sin- 
gle-ended measurements.  Importantly,  the  PMVNA  was  shown  to  have  significantly 
lower  errors  in  the  measurement  of  differential  circuits  than  those  of  a  traditional  four-port 
VNA. 

The  calibration  of  the  PMVNA  was  developed  in  detail  in  Chapter  6.  This  work 
was  pursued  from  the  perspective  of  a  general  n-port  VNA  calibration.  Original  work  in 
this  area  has  established  a  new  class  of  calibration  standard  that  is  required  for  successful 
calibration  of  the  PMVNA,  as  well  as  for  a  general  n-port  VNA.  Special  consideration 
was  given  to  the  correction  of  quasi-systematic  phase  errors  in  the  PMVNA.  This  error 
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mechanism  is  unique  to  the  specific  implementation  of  the  PMVNA  of  this  work.  The 
accuracy  of  the  PMVNA  was  verified  in  Chapter  7.  The  PMVNA  was  used  to  measure 
NIST-traceable  devices,  and  the  corrected  measurement  data  was  shown  to  compare  well 
to  the  specified  uncertainties  of  the  NIST  data. 

The  remainder  of  the  dissertation  was  devoted  to  the  application  of  mixed-mode 
concepts  for  the  measurement,  analysis,  and  design  of  practical  RF  differential  circuits. 
Chapter  8  examined  power  splitters  and  combiners,  which  are  critical  components  in 
many  differential  systems.  The  application  of  mixed-mode  concepts  produced  relation- 
ships between  phase  and  magnitude  imbalances  and  spurious  mode  responses  in  these 
devices. 

Differential  structures,  fabricated  with  thin-film  metal  on  ceramic  substrates,  were 
examined  in  Chapter  9.  These  structures  provided  a  well-characterized  environment  in 
which  to  study  the  practical  effects  of  balance  and  symmetry  in  differential  structures. 
Selected  structures  were  simulated  with  a  commercial  electromagnetic  simulator,  and 
compared  with  the  measured  mixed-mode  data.  The  measured  and  simulated  data  corre- 
lated well. 

Circuit-to-circuit  crosstalk,  an  original  motivation  for  the  application  of  differen- 
tial circuits,  was  studied  in  Chapter  10.  This  chapter  examined  structures  implemented  on 
a  silicon  IC.  These  studies  provided  insight  into  practical  implementations  of  differential 
circuits  in  ICs.  The  PMVNA  played  an  enabling  role  in  the  study  of  IC  crosstalk,  particu- 
larly for  differential  circuits.  It  was  found  that  differential  IC  interconnections  signifi- 
cantly reduced  circuit-to-circuit  crosstalk  with  respect  to  single-ended  interconnections. 
Metal  ground  planes  beneath  interconnections  greatly  reduced  crosstalk  and  improved  the 
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RF  performance  of  interconnections,  for  both  single-ended  and  differential  topologies. 
The  limitations  of  differential  circuits  were  also  examined.  It  was  found  that  mode-con- 
version crosstalk  can  exist  at  levels  that  degrade  the  overall  crosstalk  immunity  of  differ- 
ential circuits.  This  mode-conversions  can  exist  between  otherwise  balanced  differential 
circuits,  due  simply  to  the  relative  spatial  arrangement  of  the  circuits. 

Some  basic  design  procedures  were  presented  in  Chapter  1 1 .  This  chapter  began 
by  establishing  some  important  properties  of  mixed-mode  s-parameters.  These  properties 
are  useful  in  many  practical  RF  differential  applications.  The  practical  importance  of 
mixed-mode  s-parameters  were  demonstrated  through  design  procedures.  With  mixed- 
mode  s-parameters,  the  analysis  and  design  of  differential  circuits  can  be  divided  into 
independent  designs  for  the  differential  and  common-modes.  It  was  shown  how  design 
goals  for  each  mode  can  be  independently  achieved. 

This  work  has  established  the  foundations  for  the  accurate  measurement,  analysis, 
and  design  of  RF  differential  circuits  with  respect  to  linear  systematic  behavior.  Many 
important  aspects  of  RF  differential  circuit  performance  remain  to  be  developed.  A  com- 
plete theoretical  description  of  the  linear  noise  performance  of  RF  differential  circuits  is 
needed.  Future  research  in  this  area  is  of  practical  importance.  Like  single-ended  circuits, 
many  differential  circuits  must  be  designed  for  low  noise  applications.  A  complete  treat- 
ment of  noise  in  differential  circuits  must  include  self-consistent  definitions  for  noise  in 
multiple  modes.  A  practical  means  of  measuring  the  noise  in  differential  devices,  particu- 
larly at  RF,  is  also  needed.  Finally,  useful  design  procedures  for  noise  performance  are 
required  for  RF  differential  circuits.  These  items  will  likely  share  many  of  the  aspects  of 
the  mixed-mode  s-parameter  theory.  A  general  differential  device  or  circuit  is  expected  to 
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have  both  differential  and  common-mode  noise  sources.  These  sources  can  be  expected  to 
have  some  correlation.  This  should  result  in  equivalent  noise  sources  that  are  analogous  to 
pure-mode  and  mode-conversion  responses  in  mixed-mode  s-parameter  theory.  The  com- 
plete noise  performance  of  an  RF  differential  device  is  expected  to  depend  on  source  ter- 
minations, including  both  pure-mode  and  mode-conversion  terms.  The  measurement  and 
design  of  differential  noise  will  likely  follow  this  basic  direction. 

Another  important  area  of  future  research  is  the  non-linear  performance  of  a  differ- 
ential circuit.  In  particular,  effects  like  intermodulation  distortion  (IMD)  have  great  prac- 
tical importance.  Theoretical  development  is  needed  to  better  understand  and  predict  IMD 
in  RF  differential  circuits.  Measurement  methods  and  systems  for  non-linear  behavior  in 
differential  circuits  are  also  needed.  Design  methods  limiting  IMD  are  ultimately 
required.  The  basic  multi-mode  IMD  theory  is  expected  to  have  aspects  analogous  to 
pure-mode  and  mode-conversion  responses.  The  relations  between  these  responses  may 
be  quite  complex,  however.  The  most  promising  approach  is  the  application  of  Volterra 
series  analysis  to  differential  circuits.  This  analysis  method,  already  challenging  in  many 
simple  single-ended  circuits,  may  require  significant  work  for  differential  applications. 
However,  this  may  be  the  most  reasonable  approach  to  gain  understanding  of  the  basic 
mechanisms  of  distortion  in  differential  circuits. 


APPENDIX  A 
ANALOG  HALF-CIRCUIT  TECHNIQUES 


Of  particular  interest  in  analog  techniques  is  the  method  of  differential  and  com- 
mon-mode half-circuits.  This  technique  allows  circuit  analysis  simplification  by  consider- 
ing separately  the  response  of  the  circuit  to  a  pure  differential  signal  and  a  pure  common- 
mode  signal.  This  approach  [4]  can  best  be  summarized  by  application  to  an  emitter-cou- 
pled, or  differential,  pair.  It  is  important  to  note  that  the  example  presented  here  is  meant 
as  an  illustrative  example  only.  As  such,  many  important  effects,  like  output  resistance  of 
the  transistors  and  frequency  effects,  are  neglected.  Figure  A-l  shows  a  differential  pair 
with  both  differential  and  common-mode  input  signals.  With  the  common-mode  input  set 
to  zero,  the  small-signal  equivalent  circuit  can  be  drawn  as  shown  in  Figure  A-2.  Because 
the  circuit  is  symmetric,  and  because  the  input  signals  are  equal  but  opposite,  the  voltage 
at  the  emitters  does  not  vary.  The  emitters  are  at  small-signal  ground,  and  the  circuit  has 
two  independent  identical  halves.  One  half  of  the  circuit  is  redrawn  in  Figure  A-3,  and 
this  is  known  as  the  differential  half-circuit.  The  differential  performance  of  the  amplifier 
can  be  calculated  from  this  much  simplified  circuit  diagram. 
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Next  the  differential  input  of  Figure  A-l  is  set  to  zero,  and  the  small-signal  equiva- 
lent circuit  drawn  as  in  Figure  A-4.  Since  both  transistors  have  equal  base-emitter  volt- 
ages, the  collector  currents  are  equal.  This  ensures  that  the  AC  voltage  at  the  emitters  is 
non-zero,  and  the  emitter  resistor  REE  can  be  redrawn  as  the  parallel  combination  of  two 
resistors,  each  of  value  2/?EE.    Furthermore,  the  symmetry  in  the  circuit  ensures  that  no 
current  flows  in  the  branch  between  the  emitter  resistors.  This  branch  can  be  removed, 
again  leaving  two  independent  identical  halves.  One  half  of  the  circuit  is  redrawn  in 
Figure  A-5,  and  this  is  known  as  the  common-mode  half-circuit.  The  common-mode  per- 
formance of  the  amplifier  can  be  calculated  from  this  simplified  circuit  diagram. 

voc  SmRc 

Ac  =  -  = ? — n  (A-3) 

1C  '+2,m«EE(l+jrJ 

From  these  analog  techniques  another  important  parameter  can  be  defined.  The 
common-mode  rejection  ratio  (CMRR)  of  a  differential  amplifier  is  typically 


CMRR; 


(A-4) 


CMRR  is  a  measure  of  ability  of  a  differential  amplifier  to  reject  a  common-mode  signal 
with  respect  to  its  differential-mode  gain.  From  the  half-circuit  technique  above,  the 
CMRR  of  the  simple  differential  pair  is  found  to  be 


CMRR=l+2«m%{l  +  ^)  (A-5) 
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Figure  A- 1 .      Differential  pair  with  differential  and  common-mode  inputs. 
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Figure  A-2.      Small-signal  equivalent  circuit  of  Figure  A- 1  with  pure  differential  input. 
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Figure  A-3.      Differential-mode  half-circuit  of  Figure  A-2. 
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Figure  A-4.      Small-signal  equivalent  circuit  of  Figure  A- 1  with  pure  common-mode  inp 
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Figure  A-5.      Small-signal  equivalent  circuit  of  Figure  A-4. 


APPENDIX  B 
ANALOG  MEASUREMENT  TECHNIQUES 


Certain  parameters  are  widely  used  in  analog  circuit  descriptions  due  to  their  intu- 
itive relation  to  the  traditional  analog  state  variables  of  voltage  and  current.  For  example, 
a  two-port  z-parameter  description  of  a  circuit  is 


(B-l) 


c2]  '22 

The  voltage-current  derived  parameters  can  be  individually  defined.  For  example,  the  zn 
parameter  is 


"*    h 


(B-2) 
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The  method  of  measurement  of  these  parameters  is  implied  in  their  definitions.  For  exam- 
ple, z-parameters  are  measured  by  leaving  certain  ports  a  open-circuits,  which  satisfies 
(B-2).  Z-parameters  are  therefore  also  known  as  open-circuit  parameters. 

Direct  measurement  of  voltages  and  currents  is  the  traditional  measurement 
method  for  analog  differential  circuit.  The  main  difficultly  with  analog  differential  mea- 
surements is  the  generation  and  reception  of  differential  signals.  Most  test  equipment  uses 
single-ended  (ground  referenced)  inputs  and  outputs  in  the  form  of  coaxial  connections. 
At  analog  frequencies,  these  single-ended  connections  are  called  unbalanced.  These 
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unbalanced  signals  can  be  converted  to  balanced  (differential)  signals  with  a  device 
known  as  a  balun  (balanced-unbalanced). 

A  balun  is  a  reciprocal  device  that  can  convert  a  single-ended  signal  to  differential 
or  can  convert  a  differential  signal  to  single-ended.  Regardless  of  their  specific  imple- 
mentation, baluns  can  be  modeled  as  a  transformer  with  the  primary  winding  grounded  on 
one  terminal  and  the  secondary  winding  with  a  grounded  center-tap.  There  are  other  types 
of  differential-to-single-ended  converters  for  analog  use.  Of  note  is  the  operational  ampli- 
fier which  can  be  used  as  an  active,  but  unidirectional,  balun. 

With  the  use  of  baluns,  the  differential-mode  response  of  a  differential  circuit  can 
be  measured.  Common-mode  measurements  can  be  made  by  driving  the  inputs  from  a 
single  source.  (However,  care  must  be  taken  so  the  DC  operation  of  the  circuit  is  not 
effected.)  These  two  measurements  require  two  distinct  configurations.  Furthermore, 
both  measurements  assume  a  pure  mode  input  and  output;  any  mode  conversion  is 
neglected.  For  these  reasons,  this  type  of  measurement  will  be  called  single  mode. 

The  primary  instrument  for  analog  measurements  is  the  oscilloscope,  while  input 
signals  are  provided  by  a  signal  generator.  The  oscilloscope  typically  has  high  impedance 
inputs  (usually  1MQ),  and  is  useful  for  measuring  voltages  [90].  This  high  impedance 
generally  does  not  load  the  circuit.  (In  reality,  the  input  impedance  of  the  oscilloscope  is 
the  resistive  load  in  parallel  with  a  parasitic  capacitance.  The  capacitance  reduces  the 
effective  impedance  level  of  the  input  as  frequency  increases,  loading  the  circuit.  This 
effect  represents  another  basic  limitation  of  analog  measurements.)  A  schematic  of  an 
analog  measurement  is  given  in  Figure  B-l .  Currents  can  be  measured  by  measuring  the 
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voltage  across  a  series  resistor  of  known  value.  Currents  can  also  be  measured  with  a  cur- 
rent probe  which  inductively  couples  a  signal  proportional  to  a  current. 

An  important  feature  of  the  described  voltage-current  measurement  techniques  is 
the  embedding  of  the  baluns  into  the  test  circuit.  The  resulting  measurements  are  then  of 
the  combined  system  of  the  converters  and  differential  circuit.  There  is  no  way,  without 
significant  characterization  of  the  baluns,  to  remove  the  effect  of  the  baluns  from  the  mea- 
sured data.  Typically,  the  balun  is  assumed  to  be  ideal,  and  for  many  analog  applications 
this  approximation  is  acceptable.  Nevertheless,  the  inability  to  remove  the  effects  of  the 
baluns  is  a  significant  problem,  and  this  problem  becomes  acute  as  operation  frequency 
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Figure  B- 1 .      Analog  Differential  Circuit  Measurement. 


APPENDIX  C 
TRANSMISSION  OF  MODES  FROM  COUPLED  TO  UNCOUPLED  LINES 


Consider  a  system  where  a  pair  of  coupled  transmission  lines  are  connected  in  cas- 
cade with  a  pair  of  uncoupled  transmission  lines,  as  shown  in  Figure  C- 1 .  The  coupled 
pair  will  be  considered  to  be  a  reference  line;  hence,  the  coupled  pair  line  is  symmetric  and 
low  loss.  The  normalized  waves  at  the  outputs  of  the  uncoupled  lines  will  be  investigated 
under  the  same  assumptions,  namely  low  loss  and  symmetry,  which  for  the  uncoupled 
case  means  the  lines  are  identical.  The  voltages  at  a  point  x  on  the  coupled  pair  lines  are 
given  by  (3-19),  rewritten  hear  to  explicitly  show  the  complex  exponentials 
-y  x  7  x  -y  x  7  x 
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and  the  currents,  also  given  by  (3-19)  are 
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With  the  uncoupled  transmission  lines,  the  voltages  and  currents  at  a  point  x  are 

.  %;  -yux    vui  yux 
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with  ( =  1,2  and  Zul  =  Zu2  =  Z„,  yul  =  yu2  =  ju.  At  the  interface  between  the  coupled  pair 
and  the  uncoupled  pair,  (x  =  0)  the  voltages  and  currents  of  the  two  systems  must  conform 
to  the  boundary  conditions 


vBl(0)  =  v,(0)  iHl(0)  =  /,(0) 

v„2(0)  =  v2(0)  ,a2(0)  =  i2(0) 


(C-4) 


Through  the  application  of  these  boundary  conditions  and  the  simultaneous  solution  of 
equations  (C-l),  (C-2),  and  (C-3),  the  phasor  coefficients  on  the  uncoupled  lines  are  found 
to  be 
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The  differential-mode  voltage  at  the  output  of  the  uncoupled  pair  (x  =  -</)  can  be  defined 
by  (3-1)  as 

which  is  found  to  be 
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vi  =  v+,  -  v+„ 
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(C-9) 


The  normalized  forward  differential-mode  wave  at  the  output  of  the  uncoupled 
pair,  similarly  defined  by  (3-23),  can  also  be  shown  as 
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(C-10) 


where  Rd    is  the  (approximately)  purely  real  characteristic  impedance  of  the  differential- 
u 

mode,  defined  between  the  uncoupled  lines,  and  Rd    =  2R    where  Ru  is  the  characteris- 

u 

tic  impedance  of  the  each  of  the  uncoupled  lines.  From  (C-5),  (C-6),  (C-9),  and  (C-10)  it 
is  found  that 
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where  ad  and  bd  is  the  differential-mode  normalized  forward  and  reverse  waves  of  the 
coupled  system  at  x  =  0,  and  Rd  is  the  approximately  real  characteristic  impedance  of  the 
differential-mode  on  the  coupled-pair.  Similarly,  the  remaining  differential  and  common- 
mode  normalized  waves  can  be  shown  to  be 
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where  bd,  ac,  and  bc  are  the  normalized  waves  of  the  coupled  system  at  x  =  0.  Therefore, 
the  differential  and  common-mode  normalized  waves  at  the  output  of  the  uncoupled  lines 
are  equal  to  the  corresponding  coupled  system  waves  with  a  phase-shift  and  a  scaling/off- 
set factor  due  to  the  different  characteristic  impedances.  To  the  resulting  mixed-mode 
s-parameters,  the  phase-shift  and  the  scaling/offset  factor  represent  an  arbitrary  reference 
plane  shift  and  a  re-normalization  to  the  characteristic  impedance  of  the  uncoupled  trans- 
mission lines,  respectively.  Because  of  this,  the  coupled  pair  reference  line  can  be 
replaced  with  an  uncoupled  pair  reference,  and  the  resulting  mixed-mode  s-parameters  are 
simply  transposed  to  a  different  reference  impedance  by  the  uncoupled  lines.  Therefore, 
the  mixed-mode  s-parameters  of  an  arbitrary  n-port  DUT  can  be  measured  with  n  pairs  of 
uncoupled  transmission  lines. 
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Figure  C- 1 .      Schematic  of  uncoupled  pair  in  cascade  with  coupled-pair  line. 
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APPENDIX  D 
SIMULATED  S-PARAMETERS  OF  DIFFERENTIAL  AMPLIFIER 


To  illustrate  the  difficulty  of  interpreting  the  standard  four-port  s-parameters  of  a 
differential  amplifier,  an  example  circuit  has  been  simulated  in  Hewlett-Packard's  MDS 
[32].  The  schematic  of  the  amplifier  is  shown  in  Figure  D- 1 .  The  amplifier  is  a  typical  RF 
differential  amplifier,  with  one  exception.  One  of  the  emitter  resistors  is  larger  than  the 
other  to  be  representative  of  device  mis-match.  The  mis-match  is  exaggerated  to  demon- 
strate the  effects  of  mode  conversion.  Also  included  are  some  representative  parasitic 
capacitances  between  various  nodes.  The  transistor,  a  Motorola  MRF941  silicon  BJT,  is 
by  a  typical  RF  device;  the  model  of  the  device  is  provided  in  the  MDS  device  model 
library.  The  simulated  four-port  s-parameters  are  shown  in  Figure  D-2. 

For  contrast,  one  half  of  the  differential  amp  has  also  been  simulated  as  a  single- 
ended  amplifier,  as  shown  in  Figure  D-3.  The  simulated  two-port  s-parameters  are  shown 
in  Figure  D-4.  The  two-port  data  shows  the  well  known  characteristics  of  a  common  emit- 
ter amplifier. 

Examining  the  four-port  data,  one  does  not  find  any  interpretation  analogous  to 
two-port  s-parameters  of  an  amplifier.  In  spite  of  the  fact  that  the  circuit  is  ideally  meant 
to  operate  as  a  two-port  (differential)  amplifier,  the  full  simulated  s-parameters  show  no 
clear  indication  of  the  differential  operation. 

This  example  can  be  further  examined  with  mixed-mode  s-parameters  as  defined 
in  Section  3.1.1.  The  mixed-mode  s-parameters  of  the  differential  amplifier  of  Figure  D- 1 
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are  shown  in  Figure  D-5.  With  the  application  of  mixed-mode  s-parameters,  the  mixed- 
mode  data  becomes  very  similar  to  traditional  two-port  amplifier  data.  Each  quadrant  now 
exhibits  characteristics  that  can  be  interpreted  as  a  two-port  amplifier.  Note  that  both  the 
differential  and  common-mode  performance  is  that  of  an  inverting  amp.  Even  the  cross- 
mode  parameters  display  amplifier-like  behavior. 
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Figure  D- 1 .      Schematic  of  simulated  RF  differential  amplifier. 
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Figure  D-2.      Simulated  four-port  s-parameters  of  differential  amp. 
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Figure  D-3.      Schematic  of  simulated  single-ended  amplifier. 


Figure  D-4.      Simulated  two-port  s-parameters  of  one-half  of  differential  amp. 
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Figure  D-5.      Simulated  mixed-mode  s-parameters  of  differential  amp. 


APPENDIX  E 
DESCRIPTION  OF  HP85 10  VNA  SUB-SYSTEMS 


This  appendix  summarizes  the  operation  of  a  standard  Hewlett-Packard  85 10 
VNA,  and  describes  the  sub-systems  of  the  VNA.  These  sub-systems  have  been  used  to 
construct  the  PMVNA,  so  understanding  their  basic  functions  is  important  for  understand- 
ing of  the  PMVNA  operation.  The  basic  configuration  of  the  standard  85 10  VNA  is 
shown  in  Figure  E-l.  The  8510  has  four  major  sub-systems,  each  corresponding  to  a  sep- 
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Figure  E- 1 .      Standard  HP85 1 0  two-port  VNA  system  block  diagram. 
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arate  piece  of  test  equipment.  The  four  sub-systems  are  ( 1 )  the  RF  source  (8565 1 ),  (2)  the 
test-set  (8517),  (3)  the  IF/detector  (85102),  and  (4)  the  display/processor  (85101).  The 
basic  function  of  these  units  is  illustrated  in  a  simplified  view  of  a  test  signal  path,  shown 
in  Figure  E-2.  Detail  description  of  each  sub-system  is  given  below.  The  following  infor- 
mation is  adapted  from  the  HP8510C  On-Site  Service  Manual  [43]. 


Processor/Display 


Test-Set 


Figure  E-2.      Simplified  test  signal  path  of  standard  85 10  VNA.  Adapted  from  [43]. 


E.l.  RF  Source 


The  RF  source  provides  the  RF  stimulus  for  the  s-parameter  measurements  made 
by  the  85 10  VNA  system.  The  RF  source  is  a  broad-band,  continuous-wave  signal  source. 
The  processor  controls  the  RF  source,  setting  frequency  start  and  stop  points,  as  well  as 
RF  power  levels. 

The  RF  source  used  in  the  PMVNA  is  the  85651  synthesized  sweeper.  This  partic- 
ular source  operates  from  45  MHz  to  50  GHz.  Synthesized  sweepers  can  operate  in  two 
modes:  ramp  and  step  sweeps.  Both  operations  effect  how  the  RF  source  is  swept  across 
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the  desired  operation  frequency  band.  In  ramp  mode,  the  RF  source  is  phase-locked  only 
at  the  first  frequency  point  of  a  measurement.  After  phase-locking,  the  frequency  of  the 
source  is  swept  in  a  continuous  fashion  across  the  measurement  frequencies.  For  averag- 
ing, the  source  is  swept  across  the  entire  band  a  number  of  times  equal  to  the  averaging 
factor.  The  ramp  mode  has  the  advantage  of  being  generally  faster  than  the  step  mode  (for 
small  number  of  averages).  The  ramp  mode  has  less  frequency  accuracy  than  the  step 
mode,  however. 

The  step  mode  of  RF  source  operation  allows  phase-locking  at  each  frequency 
point  of  the  measurement.  For  averaging,  multiple  measurements  are  made  at  each  fre- 
quency point.  The  source  is  swept  across  the  frequency  range  only  once.  This  mode  of 
operation  has  higher  frequency  accuracy  than  the  ramp  mode.  This  mode  also  allows  rela- 
tively high  average  factors  with  no  significant  increase  in  measurement  time  since  the 
total  sweep  time  is  dominated  by  the  phase-locking  time. 

E.2.  Test-Set 

Test-sets  provide  the  signal  separation  functions  for  the  VNA  systems.  In  addi- 
tion, the  test-sets  in  the  85 10  VNA  system  down-convert  the  separated  signals  to  a  first  IF. 
Signal  separation  is  the  means  by  which  the  forward  and  reverse  waves  are  measured  at 
each  test  port.  These  separated  signals  are  proportional  to  the  normalized  power  waves,  a 
and  b. 

The  test-sets  used  in  the  PMVNA  are  the  85 17 A.  A  simplified  block  diagram  of 
the  85 17  is  shown  in  Figure  E-3.  The  input  signal  from  the  RF  source  provides  the  stimu- 
lus for  the  s-parameter  measurements.  The  RF  signal  is  routed  first  through  a  resistive 
divider/switch  (SWA).  This  device  provides  signal  separation  for  the  incident  normalized 
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power  wave,  a,  through  the  resistive  divider.  It  also  provides  a  switch  to  allow  forward 
and  reverse  measurement  of  the  DUT.  The  two  directional  couplers  provide  signal  separa- 
tion for  the  transmitted  and  reflected  normalized  power  waves,  b.  All  of  the  normalized 
power  waves  are  routed  to  four  down-mixers.  These  down-mixers  convert  the  a  and  b 
waves  from  RF  to  a  first  IF  of  20  MHz.  All  four  down-mixers  are  driven  by  the  same 
VCO,  which  acts  as  the  local  oscillator  (LO)  signal.  The  VCO  operating  frequency  is  con- 
trolled by  the  85 10  processor  via  a  phase-lock  loop.  This  phase-lock  loop  ensures  that  the 
VCO  is  at  the  correct  frequency  as  the  RF  source  is  swept  through  the  measurement  fre- 
quencies.   The  down-mixed  signal  maintain  phase  coherence,  so  that  the  relative  phase 
relations  between  the  normalized  power  waves  at  the  first  IF  is  the  same  as  at  RF. 
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Figure  E-3.      Standard  85 17  test-set  block  diagram. 
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E.3.  IF/Detector 

The  85102  IF/detector  sub-system  of  the  8510  VNA  performs  many  functions. 
First,  it  performs  a  down-conversion  to  a  second  IF  frequency  of  100  KHz.  Next,  it 
detects  these  signals  with  a  synchronous  detector  so  that  the  phase  relations  are  preserved. 
The  signals  are  then  converted  to  digital  information,  so  that  the  processor  can  operate  on 
the  data.  This  sub-system  is  also  a  part  of  the  phase-lock  loop.  A  simplified  block  dia- 
gram of  the  85102  is  shown  in  Figure  E-4. 
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Figure  E-4.      Simplified  HP85 102  IF/Detector  block  diagram  showing  major  sub-sys- 
tems. (Adapted  from  [43]). 


E.4.  Display/Processor 


The  85101  also  performs  several  functions  in  the  8510  VNA  system.  It  acts  as  the 
system  controller,  data  processor  and  display  unit.  As  a  system  controller,  the  85 101  con- 
trols the  RF  source  (frequency  and  power  output)  during  measurements.  It  also  controls 
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the  phase-locking  sequence  during  measurement.  Furthermore,  the  85101  controls  the 
test-set  to  select  forward  or  reverse  operation,  and  it  controls  the  VCO  operating  fre- 
quency. The  85101  also  controls  the  various  operations  of  the  85102  LF/detector  sub-sys- 
tem. 

As  a  data  processor  the  85101  sub-system  performs  a  number  of  operations  of  the 
measured  data.  Foremost,  the  unit  provides  means  for  calibration  and  data  correction.  A 
variety  of  math  operations  can  be  performed  on  measured  data.  The  data  then  is  displayed 
on  the  CRT.  The  85101  can  display  uncorrected  and  corrected  measured  s-parameters. 
The  processor  unit  also  provides  a  GPIB  interface,  so  that  the  85 10  operation  can  be  com- 
puter controlled.  Furthermore,  the  measured  data  from  the  85 10  system  can  be  exported 
the  external  controller  via  the  GPIB  bus. 

The  85101  can  also  provide  unratioed  measurements  of  the  normalized  power 
waves.  These  measurements  are  the  (uncorrected)  down-converted  signals  from  the  four 
mixers  in  the  test-set.  These  digitized  unratioed  signals  are  the  data  on  which  the  PMVNA 
operates. 

E.5.  System  Phase  Lock  Operation 

The  8510  system  phase  lock  operation  is  a  key  element  of  the  PMVNA  perfor- 
mance. The  phase  lock  sequence  is  now  summarized  to  aid  in  the  understanding  of  the 
PMVNA  operation,  particularly  the  phase-offset  correction  algorithm  of  Chapter  6.  The 
pertinent  aspects  of  the  phase  locking  sequence  can  be  better  understood  with  the  use  of  an 
overall  block  diagram  of  the  8510  VNA  system,  shown  in  Figure  E-5.  The  components 
and  signal/control  paths  that  are  part  of  the  phase  lock  loop  are  highlighted  with  heavy 
lines.  Every  sub-system  plays  a  role  in  the  phase  lock  operation. 
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Figure  E-5.      Simplified  HP8510C  two-port  VNA  block  diagram  showing  major  sub- 
systems. (Adapted  from  [41]). 


For  clarity,  the  phase  lock  loop  components  have  been  isolated  in  a  simplified 
block  diagram,  shown  in  Figure  E-6.    The  phase  lock  sequence  has  three  main  sections: 
(1)  the  pretune  phase  lock,  (2)  the  pretune  IF  count,  and  (3)  the  main  phase  lock 
sequences.  The  pretune  sequence  is  an  open-loop  coarse  adjustment  of  the  VCO  operating 
frequency.  The  pretune  IF  count  ensures  that  the  coarse  adjustment  has  brought  the  VCO 
frequency  within  locking  range  of  the  loop.  The  main  phase  lock  is  the  closed-loop  pro- 
cess by  which  the  fine  adjustment  of  the  VCO  operating  frequency  is  achieved.  When  the 
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Figure  E-6.      Simplified  HP85 IOC  main  phase  lock  loop.  (Adapted  from  [43]). 

main  phase  lock  sequence  is  complete,  the  IF  frequency  is  equal  to  the  frequency  of  the  20 
MHz  crystal  reference  oscillator.  Furthermore,  under  locked  conditions,  the  phase  differ- 
ence between  the  IF  signal  and  the  reference  oscillator  has  been  driven  to  zero.  This  zero 
phase  difference  is  very  important  to  the  phase  offset  calibration. 

The  phase  lock  loop  characteristics,  together  with  the  synchronous  detectors,  allow 
for  the  phase  offset  calibration  algorithm  of  Chapter  6  to  be  successful.  Each  time  the 
8510  system  completes  the  entire  phase  lock  sequence,  the  loop  is  locked  to  the  same 
phase  point  on  the  separated  RF  test  signal.  For  example,  if  the  VNA  is  set  to  phase  lock 
to  a,,  one  can  say  that  this  separated  signal  has  zero  phase  at  the  input  to  the  down-mixer. 
With  a  locked  loop,  the  phase  of  the  down-converted  a ,  signal  might  be  fy  The  loop 
forces  this  phase  to  be  equal  to  that  of  the  reference  oscillator,  ^nf.  It  has  been  shown 
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experimentally,  that  this  phase  point  of  the  of  reference  oscillator  is  constant.  That  is,  the 
phase  lock  loop  drives  the  phase  of  the  down-converted  a  \  signal  to  a  certain  absolute 
phase.  This  final  absolute  phase  (which  might  be  appropriately  called  the  set-point  phase) 
is  constant  for  all  phase  locking  sequences  of  a  given  test-set.  Furthermore,  the  remaining 
down-conversion,  synchronous  detecting,  and  digitalization  results  in  the  same  phase 
value  in  the  unratioed  data  of  0|  (the  actual  value  of  the  phase  is  irrelevant)  for  every  lock- 
ing sequence.  Therefore,  the  two  test-sets  of  the  PMVNA  will  always  indicate  a  constant 
phase  difference  between  a\  of  test-set  one  and  a, of  test-set  two,  for  example,  regardless 
of  the  actual  phase  difference  between  the  signals. 

The  constant  set-point  phase  of  each  test-set  ensures  the  phase  offset  between  the 
two  test-sets  is  repeatable.  As  a  result,  any  offset  between  the  RF  sources  of  the  two  test- 
sets  will  result  in  an  unknown,  but  repeatable  phase  offset  in  the  digital  data  from  the  test- 
sets.  Since  the  phase  offset  is  repeatable,  the  offset  can  be  characterized  and  corrected. 


APPENDIX  F 
DETAILS  OF  HP85 17  TEST-SET  MODIFICATIONS 


F.l.  Disabling  Test-Set  Commands 

As  discussed  in  Chapter  4,  the  PMVNA  test-set  is  constructed  from  two  Hewlett- 
Packard  8517A  test-sets.  Both  test-sets  have  been  fitted  with  Option  001,  a  regular  manu- 
facturers' option,  which  allows  selection  between  multiple  test-sets.  The  option  is  an  IF 
multiplexer  board  which  works  in  coordination  with  features  of  the  85 10  operating  sys- 
tem. The  operating  system  of  the  standard  85 1 0  allows  the  selection  of  a  test-set  to  be 
accomplished  simply  by  changing  the  address  of  the  active  test-set  (contained  in  a  register 
in  the  85101)  to  the  address  of  the  desired  test-set.  However,  as  developed  by  Hewlett- 
Packard,  Option  001  allows  the  selection  of  one  active  test-set,  and  the  deactivation  of  all 
other  test-sets  [91].  This  deactivation  includes  the  moving  of  the  RF  port  selection  switch 
to  a  terminated  position,  so  that  no  RF  signal  is  present  at  the  ports  of  the  deselected  test- 
sets.  Also  upon  deactivation,  the  variable  attenuators  in  a  test-set  are  re-set  to  0  dB.  The 
suppressing  of  the  RF  signal  from  the  inactive  test-sets  and  the  change  of  attenuation  set- 
ting are  unwanted  side  effects.  The  PMVNA  requires  the  use  of  the  85 10  operating  sys- 
tem routines  to  control  the  IF  multiplexers,  but  the  RF  port  selection  switches  and 
attenuator  settings  in  both  test-sets  must  remain  unchanged.  Both  test-sets  have  been 
modified  ensure  that  the  RF  port  selector  switch  and  attenuator  settings  remain  unchanged 
as  test-sets  are  deactivated. 
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The  modification  entails  minor  changes  to  the  attenuator/switch  driver  boards  of 
the  test-sets.  The  modifications  allow  the  masking  of  commands  to  change  the  position  of 
the  RF  port  selector  switch  or  attenuators.  The  masking  of  system  commands  is  achieved 
through  a  single  digital  control  signal  for  each  test-set.  The  digital  control  signals  are  gen- 
erated by  a  Hewlett-Packard  3488A  switch  control  unit  [92].  The  3488A  is  fitted  with  a 
digital  switch  board  (called  option  014).  This  combination  of  the  3488/option  014  pro- 
vides sixteen  open-collector  digital  output  lines  whose  states  can  be  controlled  via  GPIB 
commands  to  the  3488A. 

The  schematics  of  the  test-set  attenuator/switch  driver  board  are  shown  in  a  very 
simplified  form  in  Figure  F-l.  This  figure  summarizes  the  means  by  which  the  attenuators 
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Figure  F-l.       Simplified  schematic  of  85 17A  test-set.  Adapted  from  [93]. 


350 

and  port  selection  switch  are  changed.  First,  data  is  placed  on  the  data  bus  by  the  8510 
operating  system.  This  data  contains  the  new  settings  for  the  switches  and  attenuators. 
When  the  appropriate  address  is  placed  on  the  address  bus,  the  corresponding  data  latches 
are  clocked,  and  the  new  data  is  forwarded  to  the  drivers.  Upon  arriving  at  the  drivers,  the 
attenuators  and  switches  are  set  according  to  the  data  on  the  data  bus.  When  the  active 
test-set  address  changes  in  the  8510  system,  unwanted  commands  are  sent  to  the  de-acti- 
vated test-sets.  These  commands  follow  the  sequence  just  described. 

The  modifications  to  the  test-set  provide  a  means  by  which  these  unwanted  com- 
mands can  be  blocked.  This  is  done  by  preventing  the  latches  from  being  clocked.  By 
examining  the  detailed  schematic  of  the  address  decoder,  in  Figure  F-2,  one  can  see  that 
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Figure  F-2.       Detailed  schematic  of  85 1 7A  test-set  address  decoder  for  attenuator  drivers 
and  RF  switch  driver.  Adapted  from  [93]. 
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the  address  decoder  is  implemented  with  a  three-to-eight  de-multiplexer  (denoted  as  U9). 
This  IC  drives  the  clocks  for  both  sets  of  attenuator  drivers  and  the  port  selector  switch. 
However,  before  U9  can  clock  the  latches,  it  must  be  enabled.  The  IC  has  three  enable 
lines  (pins  4,  5,  and  6)  which  must  be  satisfied  (TTL  low,  low,  high,  respectively)  before 
any  latches  can  be  clocked.  By  forcing  the  state  of  one  of  these  enable  signals,  commands 
sent  to  the  attenuator/switch  driver  board  can  either  be  blocked  or  accepted. 

As  explained  earlier,  the  blocking  (or  masking)  control  signal  is  generated  by  a 
3488A  with  a  digital  switch  board  installed.  This  piece  of  equipment  provides  several 
open  collector  switches  that  can  be  controlled  via  the  GPIB.  These  open  collector 
switches  are  typically  used  as  active  low  logic  signals,  as  illustrated  in  Figure  F-3.  When 
a  switch  is  closed  (active),  the  transistor,  Q,,  sinks  enough  current  through  the  collector 
resistor  to  drive  the  collector  voltage  below  the  TTL  logical  low  level.  When  the  switch  is 
opened,  the  resistor  pulls  the  collector  voltage  to  the  TTL  high  level.  Using  the  active 
low,  open  collector  circuitry,  the  desired  control  function  can  be  implemented. 

The  blocking  of  commands  to  the  driver  board  is  accomplished  by  modifying 
address  bit  four  (AB4)  signal  at  the  address  decoder  of  the  driver  board  of  each  test-set. 
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Figure  F-3.       Schematic  of  application  of  open  collector  output  of  3488  with  option  014. 
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The  state  of  AB4  is  forced  to  depend  on  the  new  masking  signal,  SW_EN.  The  truth  table 
defining  this  dependence  is  shown  in  Figure  F-4.  Simply  put,  when  the  switch  enable  sig- 
nal for  a  test-set  is  active  (SW_EN  =  1)  then  the  new  AB4  signal  (called  NAB4)  is  equal  to 
the  original  AB4  signal;  otherwise  NAB4  is  forced  to  be  inactive,  regardless  of  AB4.  The 
new  signal,  NAB4,  is  routed  to  pin  4  of  U9  (see  Figure  F-2),  which  is  one  of  the  decoder 
enable  signals.  When  SW_EN  is  low,  the  address  decoder  never  allows  new  data  to  the 
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Figure  F-4.       Definition  of  digital  behavior  of  control  modifications. 

a)  Truth  table  of  desired  control  function,  b)  Karnaugh  map  of  function 
described  in  (a).  The  *  denotes  active  low  signals. 
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Figure  F-5.       Circuit  implementation  of  desired  control  function  of  Figure  F-4. 
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various  drivers  (thus  blocking  any  such  commands  from  the  operating  system).  When 
SW_EN  is  high,  the  commands  to  the  drivers  are  unaffected. 

The  logical  implementation  of  the  new  control  function  is  indicated  in  the  Kar- 
naugh map  of  Figure  F-4(b).  The  physical  implementation  of  this  function  is  shown  in 
Figure  F-5.  The  function  can  be  implemented  with  the  addition  of  a  single  quad-NAND 
gate  (74LS01)  and  a  resistor.  On  the  driver  board,  this  IC  has  been  piggy-backed  on  top  of 
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Figure  F-6.       Modification  schematics  of  85 17A  test-set,  showing  address  decoder  for 
attenuator  drivers  and  RF  switch  driver. 


354 

the  decoder  IC.  This  allows  for  all  electrical  connections  to  be  made  with  minimal 
changes  to  the  driver  board.  Of  course,  the  original  connection  of  the  AB4  line  to  pin  four 
of  U9  must  be  broken.  The  schematic  of  the  modified  address  decoder  is  shown  in 
Figure  F-6. 

This  modification  has  been  executed  on  both  test-sets,  and  two  masking  signals 
(SW_EN1  for  test-set  one,  and  EN_SW2  for  test-set  two)  have  been  provided  via  the 
3488A/option  014  GPIB  switch  controller.  The  PMVNA  software  controls  the  states  of 
these  masking  signals.  When  the  state  of  the  RF  port  selector  switch  or  the  attenuators  is 
to  be  changed,  the  PMVNA  software  first  sets  the  appropriate  signal  to  high.  Then  the 
PMVNA  software  issues  the  appropriate  standard  85 10  commands.  During  a  measure- 
ment when  the  PMVNA  must  switch  from  one  test-set  to  the  other,  both  SW_EN1  and 
SW_EN2  are  set  low,  and  the  PMVNA  issues  the  standard  8510  command  to  change  the 
active  test-set.  In  this  case,  the  option  001  IF  multiplexer  boards  switch  the  appropriate  IF 
signals  to  the  85 102  IF/detector  sub-system,  while  the  state  of  both  test-sets  remains  con- 
stant. 

F.2.  DM/CM  Switch  Driver 

The  RF  switch  used  to  select  between  differential  and  common-mode  has  also 
been  designed  to  be  operated  through  PMVNA  control  software  via  the  3488A/option  014 
digital  switch.  The  RF  switch  used  for  this  work  is  the  Hewlett-Packard  8762C  coaxial 
switch  [94].  This  switch  is  a  single-pole,  double-throw  switch,  with  internal  50Q  termina- 
tions that  are  connected  to  the  inactive  port.  A  simplified  schematic  for  the  switch  is 
shown  in  Figure  F-7. 
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Figure  F-7.       Simplified  schematic  of  HP8762  RF  switch.  Adapted  from  [94], 


This  switch  requires  a  driver  circuit  for  interfacing  to  standard  TTL  digital  cir- 
cuitry. The  switch  has  two  solenoids  that  operate  change  the  RF  connections.  The  switch- 
ing is  achieved  by  applying  five  volts  DC  to  the  common  solenoid  terminal,  and 
grounding  one  of  the  two  solenoid  drive  terminals.  The  solenoids  require  400mA,  which 
is  much  more  than  a  typical  TTL  gate  can  sink.  As  a  result,  a  switch  driver  circuit  has 
been  designed  and  built,  as  shown  in  Figure  F-8.  The  driver  circuit  employs  two  2N6038 
NPN  Darlington  transistors,  which  provide  sufficient  current  sinking  capacity  for  the  sole- 
noids. The  driver  also  uses  a  74LS04  hex  inverter  to  drive  both  solenoids  from  a  single 
digital  control  signal.  This  digital  signal  is  controlled  by  the  PMVNA  software  via  the 
3488A/option  014.  Also  included  in  the  switch  driver  circuitry  are  light-emitting  diodes 
(LED)  to  indicate  the  state  of  the  mode  selector  switch. 
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Figure  F-8.       Schematic  of  driver  circuit  for  mode-selector  switch. 


APPENDIX  G 
PMVNA  CONTROL  SOFTWARE 


G.  1 .  Top-Level  Operation 


The  PMVNA  control  software  is  a  custom  coded  operating  system  for  the  new 
analyzer.  It  has  been  developed  in  LabVIEW,  which  is  a  graphical  programming  lan- 
guage. The  flow  included  in  this  appendix  diagrams  are  meant  as  illustrations  of  the  oper- 
ation of  the  PMVNA  software.  Incorporation  of  the  complete  wiring  diagrams,  which  are 
analogous  to  source  code  of  more  traditional  programming  languages,  would  make  this 
appendix  prohibitively  long. 

The  top-level  operation  of  the  PMVNA  control  software  is  shown  in  Figure  G-l. 
The  construction  of  the  software  is  such  that  the  user  can  dictate  the  sequence  of  operation 
at  a  high  level.  Typically,  the  PMVNA  begins  from  a  power-up  reset  state,  were  a  certain 
sequence  must  be  followed  by  the  user  in  order  to  achieve  meaningful  measurements. 
This  power-up  sequence  is  as  follows:  (1)  initial  set-up  of  the  PMVNA,  (2)  phase  offset 
pre-calibration,  (3)  primary  calibration,  (4)  and  DUT  measurement.  After  this,  the  data 
can  be  plotted  or  saved  to  a  file. 

After  an  initial  pass  through  the  required  sequence,  the  individual  steps  can  be  re- 
visited if  desired.  The  measured  and  calculated  data  from  all  main  sections  are  stored  in 
memory,  and  are  available  for  re-calculations. 
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Figure  G- 1 .      Top-level  flow  chart  of  PMVNA  control  software. 


G.l.l.  PMVNA  Initial  Set-Up 

This  section  of  the  software  establishes  the  basic  operating  parameters  of  the 
PMVNA.  This  section  is  straight  forward,  so  no  flow  chart  is  included.  This  section  can 
be  called  by  the  user  from  the  top  level  control  at  any  time.  This  section  sets  the  VNA 
hardware  operating  parameters,  such  as  start  frequency,  stop  frequency,  and  number  of 
points  in  the  frequency  sweep.  Also,  the  RF  source  power  level,  number  of  averages, 
sweep  type,  and  attenuator  settings  are  controlled  here.  Additionally,  certain  software 
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parameters  are  set  in  this  section.  GPIB  addresses  for  all  equipment  used  in  the  PMVNA 
is  set  (and  kept  as  defaults)  here. 
G.1.2.  Phase  Offset  Pre-Calibration 

The  phase  offset  pre-calibration  portion  of  the  control  software  is  illustrated  in 
Figure  G-2.  This  flow  chart  represents  both  the  measurement  of  the  offset  standards  as 
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Figure  G-2.      Flow  chart  of  the  phase  offset  pre-calibration. 
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well  as  the  solution  method  for  phase  offset  calibration.  This  portion  of  the  software 
implements  the  phase  offset  correction  theory  detailed  in  Section  6.4.  In  summary,  the 
phase  offset  pre-calibration  consists  of  the  following  steps:  ( 1 )  multiple  devices,  called 
phase  offset  standards  are  measured  under  two  different  conditions  (fundamental  opera- 
tion, detailed  in  Section  G.2.7,  and  secondary  operation,  as  detailed  in  Section  G.2.8).  (2) 
Using  the  two  measurements,  the  phase  offsets  are  found  for  each  offset  standard.  (3)  The 
raw  a  and  b-data  for  each  standard  is  phase  corrected.  (4)  The  corrected  a  and  b-data  for 
each  PMVNA  switch  configuration  (i.  e.  DF,  DR,  etc.)  is  collected  from  all  offset  stan- 
dards. (5)  Using  the  correct  a  and  b-data  from  all  standards,  the  switch  impedance,  S'    , 
and  the  signal  source  vector,  as'rc ,  are  calculated  for  each  of  the  switch  configurations. 
With  these  correction  terms,  the  phase  offset  of  an  arbitrary  measurement  can  be  calcu- 
lated. 
G.I. 3.  Primary  Calibration 

The  flow  chart  of  the  portion  of  the  PMVNA  control  software  that  implements  the 
primary  calibration  algorithm  is  shown  in  Figure  G-3.  This  section  of  the  software  control 
both  the  measurement  and  the  calculation  of  the  solution.  The  theory  of  the  calibration 
algorithm  implemented  in  this  section  is  presented  in  detail  in  Section  6.2. 

Each  calibration  standard  is  connected  to  the  PMVNA,  and  all  down-mixers  are 
measured  for  each  stimulus  mode  and  direction.  The  raw  A  and  B  data  matrices  are  con- 
structed. The  phase  offset  of  each  standard  in  calculated  and  corrected,  and  the  raw  mea- 
sured s-parameters  (Sm)  are  calculated.  The  measured  s-parameters  and  the 
corresponding  theoretical  s-parameters  (Sax)  of  all  standards  are  used  to  generate  the  coef- 
ficient matrix,  AE,  via  equation  (6-7).  Finally,  the  calibration  equation  (6-8)  is  solved,  and 
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the  error  matrix,  TES,  is  found  through  SVD  numerical  techniques.  SVD  is  an  technique 
that  finds  a  solution  vector,  <$,  that  minimizes  the  product  AE.ts  in  a  least-squares  sense. 
Since  the  solution  to  the  calibration  problem  by  this  method  is  actually  an  estimate  of  the 
actual  error  network,  TE,  the  notation  TES  is  adopted  to  make  a  clear  distinction.  The  SVD 
solution  algorithm  was  integrated  into  Lab  VIEW  through  a  custom  C-code  routine. 
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Figure  G-3.      Flow  chart  of  primary  calibration. 
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G.1.4.  Measure  PUT 

The  flow  chart  for  the  DUT  measurement  and  correction  portion  of  the  PMVNA 
control  software  is  shown  in  Figure  G-4.  Once  the  phase  offset  and  primary  calibrations 
are  complete,  an  unknown  DUT  can  be  measured  and  the  measured  s-parameters  can  be 
corrected.  The  device  is  measured  using  raw  a  and  b-data  from  all  down-mixers.  The 
phase  offset  is  calculated  and  applied  to  the  a  and  b-data.  The  final  error  correction  is 
done  according  to  (6-53)  in  Section  6.4. 
G.1.5.  Display  Results 

This  portion  of  the  software  allows  the  user  to  display  various  data  on  demand. 
The  user  can  view  the  raw  or  corrected  s-parameters,  of  the  DUT  or  any  calibration  stan- 
dard. The  s-parameters  can  be  seen  in  mixed-mode  or  standard  bases.  The  software  also 
allows  the  used  to  plot  the  theoretical  s-parameters  of  the  calibration  standards.  This  data 
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Figure  G-4.      Flow  chart  for  DUT  measurement  and  correction. 
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can  be  plotted  in  a  variety  of  formats,  including  magnitude  in  dB,  polar,  and  phase  in 
degrees.  This  plotting  software  allows  the  user  to  interpret  the  various  data  in  real-time,  as 
it  is  measured.  This  capability  is  important  in  a  practical  measuring  system. 
G.1.6.  File  Input/Output 

This  section  of  the  PMVNA  software  allows  a  variety  of  data  to  be  written  to  com- 
puter files  for  long-term  storage.  The  software  can  store  the  following  data  to  file:  raw  a 
and  b-data  of  the  phase  offset  standards,  the  phase  offset  switch  impedances  and  source 
vectors,  the  raw  a  and  b-data  of  the  primary  calibration  standards,  the  phase  corrected  raw 
s-parameters  of  the  standards,  the  theoretical  s-parameter  of  the  calibration  standards,  the 
corrected  measured  s-parameters  of  the  calibration  standards,  the  primary  calibration  solu- 
tion vector,  the  raw  a  and  b-data  of  the  DUT,  the  phase  corrected  raw  s-parameters  of  the 
DUT,  and  the  corrected  measured  s-parameters  of  the  DUT. 

All  of  this  data  is  written  in  a  standard  file  format  called  CITI  format  [38].  This 
format  is  used  throughout  Hewlett-Packard  software  and  hardware.  To  be  compatible 
with  these  products,  most  notably  MDS,  the  PMVNA  software  reads  and  writes  CITI  data 
files. 

G.2.  Basic  Sub-Routines 

All  of  the  top-level  functions  of  the  PMVNA  software  described  in  Section  G.l  are 
composed  of  many  sub-routines.  Some  of  the  most  fundamental  of  these  sub-routines  are 
the  equipment  control  routines.  These  important  sub-routines  are  outlined  in  the  sections 
that  follow. 
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G.2. 1 .  Set  DM/CM  Operation 

The  routine  for  the  control  of  the  stimulus  mode  of  the  PMVNA  is  shown  in 
Figure  G-5.  The  flow  chart  shows  how  the  3488A  switch  controller  is  used  to  open  or 
close  a  digital  switch  (switch  address  302,  in  this  case)  to  set  the  desired  state  of  an  RF 
switch.  This  switch  determines  the  phase  of  the  power  split,  and  hence  the  mode  of  the 
stimulus  signal  produced  at  the  DUT  ports. 
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Figure  G-5.      Flow  chart  of  setting  of  differential/common-mode  operation. 
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G.2.2.  Enable/Disable  Test-Sets 

The  ability  to  disable  certain  low-level  commands  to  the  test-sets  is  a  fundamental 
requirement  for  PMVNA  functionality,  as  implemented  for  this  work.  As  described  in 
Chapter  4  and  in  Appendix  F,  the  standard  test-sets  have  been  modified  to  block  system 
commands  to  the  port  selector  switches  and  attenuators.  The  blocking,  also  called  dis- 
abling, is  controlled  by  a  digital  signal.  The  software  flow  associated  with  the  control  of 
this  signal  is  shown  in  Figure  G-6.  The  flow  chart  shown  is  for  test-set  A,  but  a  similar 
flow  also  describes  the  control  of  the  enable  signal  of  test-set  B.  In  Figure  G-6,  the 
enabling  signal  is  named  SW_EN  1 ,  and  its  state  is  controlled  by  the  PMVNA  software  via 
the  3488A  GPIB  switch  controller. 
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Figure  G-6.      Flow  chart  of  enabling/disabling  the  operation  of  test-set  A. 
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G.2.3.  Activate  Test-Sets 

Another  fundamental  architectural  feature  of  the  PMVNA,  as  implemented  in  this 
work,  is  the  use  of  the  test-set  multiplexing  abilities  of  the  standard  85 10  VNA  system. 
This  ability  allows  the  IF  outputs  of  multiple  test-sets  to  be  multiplexed  to  a  single  85102 
detector  unit.  For  use  in  the  PMVNA,  the  test-sets  must  be  modified  (as  described  earlier) 
to  avoid  some  unwanted  side-effects  of  the  standard  IF  multiplexing  routines  in  the  8510 
system. 

With  these  modifications  in  place,  the  IF  outputs  of  the  test-sets  are  easily  multi- 
plexed by  activating  each  test-set  in  turn.  The  flow  of  this  portion  of  the  PMVNA  soft- 
ware is  shown  in  Figure  G-7. 
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Figure  G-7.      Flow  chart  of  activating  test-sets. 
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G.2.4,  General  Measurement  Operation 

The  general  procedure  a  measurement  is  shown  through  Figure  G-8  and 
Figure  G-9.  The  first  figure  described  the  set-up  procedure  for  the  PMVNA  test-sets,  and 
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Figure  G-8.      Flow  chart  of  the  set-up  procedure  for  the  test-sets. 
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the  second  shows  the  actual  measurement  procedure.  These  procedures  are  followed  for 
all  measurement  with  the  PMVNA  (offset  standards,  primary  calibration  standards,  and 
DUT). 

The  set-up  of  the  test-sets  for  a  given  measurement  is  examined  in  detail  in 
Figure  G-8.  This  flow  diagram  shows  how  the  modifications  to  the  test-set  control  hard- 
ware are  used  in  the  measurement  procedure.  By  asserting  the  enable  test-set  digital  con- 
trol line  (as  explained  in  Section  4.2. 1 )  the  system  commands  to  the  RF  switch  and  the 
attenuators  of  the  test-sets  can  be  disabled.  First,  both  test-sets  are  disabled  to  ensure  the 
system  is  in  a  known  state.  Then  test-set  A  is  enabled,  and  it  is  then  activated  by  loading 
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Figure  G-9.      Flow  chart  of  measurement  procedure. 
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the  address  of  test-set  A  into  the  85101.  The  appropriate  unratioed  wave  measurements 
are  set-up  for  each  test-set  (i.e.  drive  port  one,  phase-lock  to  port  one,  etc.).  For  more 
information  on  the  details  of  the  unratioed  measurement  set-up,  see  Section  G.2.7  and 
Section  G.2.8.  The  test-set  is  then  disabled  to  keep  the  hardware  state  fixed.  This  proce- 
dure is  repeated  for  test-set  B,  leaving  the  PMVNA  ready  to  measure  the  prescribed 
parameters. 

The  basic  flow  of  an  s-parameter  measurement  is  shown  in  Figure  G-9.  After  the 
stimulus  mode  has  been  set,  and  the  test-sets  are  set  for  the  proper  measurements,  the 
PMVNA  makes  a  measurement  as  shown  in  the  flow  chart.  This  flow  is  the  same  for  all 
modes  of  measurement.  In  fundamental  operation,  for  example,  this  procedure  is  repeated 
for  DF,  DR,  CF,  and  CR  measurements.  A  measurement  is  achieved  by  first  activating 
test-set  A  by  changing  the  active  test-set  address  in  the  8510.  (Both  test-set  are  disabled 
prior  to  entering  this  procedure,  so  that  port  selector  switches  and  attenuator  settings  are 
not  changed.)  The  PMVNA  is  triggered,  and  the  measurements  are  made  at  the  down- 
mixers  in  test-set  A.  This  data  is  collected  and  stored  by  the  PMVNA  control  software. 
Next,  test-set  B  is  activated  by  a  change  of  address,  and  the  PMVNA  is  swept  again.  The 
data  from  the  down-mixers  of  test-set  B  is  collected,  completing  the  measurement. 
G.2.5.  Calculation  of  Mixed-Mode  Normalized  Power  Waves 

After  all  measurements  of  a  device  are  made,  the  raw  a  and  i-data  must  be  used  to 
calculate  the  mixed-mode  a  and  fc-data.  This  process  is  summarized  in  Figure  G-10.  This 
figure  shows  the  calculation  of  the  a-data  only,  but  the  same  process  is  used  for  the  i-data. 
In  summary,  the  raw  a  and  fc-data  is  separated  into  the  vectors  corresponding  to  the  mea- 
sured data  from  each  mode  of  stimulation  (i.  e.  DF,  DR,  CF,  CR).  The  vectors  have  a 
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dimension  of  four,  where  each  element  corresponds  a  physical  test  port.  The  four  vectors 
(one  from  each  stimulus  mode)  are  joined  as  an  A-matrix  and  a  B-matrix.  This  data  is  cor- 
rected to  account  for  the  phase  offset  between  the  test-sets,  via  (6-52).  These  corrected 
matrices  represent  the  measured  unratioed  normalized  powers  at  all  ports  and  under  all 
measurement  conditions  in  terms  of  single-ended  (nodal)  quantities.  These  quantities  are 
used  to  calculate  the  corresponding  mixed-mode  quantities,  as  shown. 
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Figure  G- 1 0.    Flow  chart  of  mixed-mode  normalized  power  wave  calculation. 
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G.2,6.  Calculate  Raw  S-Parameters 

After  all  A  and  B-matrices  are  calculated,  the  raw  measured  s-parameters  can  be 
calculated.  The  PMVNA  control  software  performs  this  calculations  according  to 
Figure  G- 1 1 .  This  flow  chart  shows  the  straight-forward  process  by  which  raw  (uncor- 
rected) mixed-mode  s-parameters  are  calculated  from  the  phase  corrected  mixed-mode  A 
and  B-matrices. 

The  PMVNA  also  has  the  ability  to  optionally  calculate  the  standard  four-port 
s-parameters  of  a  device.  This  process  is  shown  in  Figure  G- 1 2.  For  standard  four-port  s- 
parameter  calculations,  the  single-ended  (nodal)  A  and  B-matrices  are  used. 
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Figure  G-l  1.    Flow  chart  of  raw  mixed-mode  s-parameter  calculation. 


372 


(    Start  J 


Calculate  Acstd  (offset  corrected) 


T 


Calculate  Bcsm  (offset  corrected) 


Calculate  standard  s-matrix: 

„std       Dstd      std.-1 
»       =  B     (A     ) 


T 


f   Done  J 
Figure  G- 1 2.    Flow  chart  of  optional  raw  standard  four-port  s-parameter  calculation. 


G.2.7,  Measurements  with  Fundamental  Operation 

The  specific  flow  of  measurements  with  fundamental  operation  is  shown  in 
Figure  G-13.  This  flow  chart  indicates  the  particular  setting  that  are  unique  to  fundamen- 
tal operation  of  the  PMNVA.  The  fundamental  operation  mode  is  the  normal  mode  of 
operation  of  the  PMVNA.  This  mode  of  operation  drives  ports  one  and  two  together,  or 
ports  three  and  four.  With  this  operation,  the  primary  calibration  standards  and  the  DUT 
measurements  are  made.  The  fundamental  operation  is  divided  into  forward  and  reverse 
operation,  so  that  the  specific  equipment  setting  of  each  can  be  described. 
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(    Start  J 


Set  drive  to  180°  (differential) 


Set  test-sets  to  fundamental  forward 


I 


Measure  nodal  waves  a,,  b. 


Set  test-sets  to  fundamental  reverse 


I 


Measure  nodal  waves  d[,  bs 


Set  drive  to  0°  (common-mode) 


I 


Calculate  A  mm,Bmm 

i 


Calculate  mixed-mode  s-parameters 


f    Done  J 


(once) 


Figure  G-13.    Flow  chart  of  PMVNA  fundamental  measurement  operation. 


G.2,7, 1 .  Set  Fundamental  Forward  Operation 

The  flows  of  the  configuration  of  the  test-sets  of  the  PMVNA  for  fundamental  for- 
ward measurements  are  shown  in  Figure  G-14  and  Figure  G-15.  The  set-up  of  test-set  A 
is  detailed  in  Figure  G-14.  Each  of  the  steps  in  this  flow  chart  represent  the  equipment 
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configuration  needed  for  the  associated  a  or  b-data.  For  example,  with  forward  fundamen- 
tal operation,  the  measured  quantity  of  «|  (the  normalized  incident  wave  at  port  one)  is 
defined  by  "user  parameter  one"  with  certain  settings.  This  user  parameter  allows  the 
quantities  to  be  measured  to  be  defined  at  a  basic  level.    Continuing  the  example,  Oj  is 


(    Start  ) 


«l  defined  as  user  parameter  one: 
drive  port  one, 
phase  lock  to  aj, 
numerator  =  a\, 
denominator  =  none 


J. 


b\  defined  as  user  parameter  two: 
drive  port  one, 
phase  lock  to  a\, 
numerator  =  ft], 
denominator  =  none 


T 


a3  defined  as  user  parameter  three: 
drive  port  one, 
phase  lock  to  a], 
numerator  =  a2, 
denominator  =  none 


£>3  defined  as  user  parameter  four: 
drive  port  one, 
phase  lock  to  aj, 
numerator  =  b2, 
denominator  =  none 


C    Done    J 


Figure  G- 14.    Flow  chart  of  the  set-up  of  fundamental  forward  operation  of  test-set  A. 
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(    Start  J 


a2  defined  as  user  parameter  one: 
drive  port  one, 
phase  lock  to  a,, 
numerator  =  a  i , 
denominator  =  none 


b2  defined  as  user  parameter  two: 
drive  port  one, 
phase  lock  to  aj, 


numerator  =  / 


denominator  =  none 


T 


«4  defined  as  user  parameter  three: 
drive  port  one, 
phase  lock  to  aj, 
numerator  =  a2, 
denominator  =  none 


b4  defined  as  user  parameter  four: 
drive  port  one, 
phase  lock  to  a\, 
numerator  =  b2, 
denominator  =  none 


C    Done     J 


Figure  G-15.    Flow  chart  of  the  set-up  of  fundamental  forward  operation  of  test-set  B. 


defined  by  driving  port  one  (i.  e.  set  port  selector  switch  to  drive  port  one  of  the  test-set), 
phase  locking  to  a,  (use  the  a,  down-mixer  in  the  phase-lock  loop,  see  Figure  E-5  in 
Appendix  G),  setting  the  numerator  of  the  measured  quantity  to  a,  (the  output  of  the 
down-mixer),  and  setting  the  denominator  to  none  (an  un-ratioed  measurement). 
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For  each  test-set,  four  user  parameters  are  defined.  Each  of  these  parameters  cor- 
responds to  one  of  the  four  down-mixers  in  the  test-set.  The  user  parameters  must  be 
defined  for  both  test  sets.  Figure  G-14  describes  the  definitions  for  test-set  A  with  forward 
fundamental  operation,  and  Figure  G-15  for  test-set  B. 


C   Start  J 


a  I  defined  as  user  parameter  one: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  a\, 
denominator  =  none 


I 


&1  defined  as  user  parameter  two: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  b\, 
denominator  =  none 


«3  defined  as  user  parameter  three: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  a2, 
denominator  =  none 


63  defined  as  user  parameter  four: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  b2, 
denominator  =  none 


T 


(    Done    J 


Figure  G- 1 6.    Flow  chart  of  the  set-up  of  fundamental  reverse  operation  of  test-set  A. 
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G.2,7.2.  Set  Fundamental  Reverse  Operation 

The  flows  of  the  configuration  of  the  test-sets  of  the  PMVNA  for  fundamental 
reverse  measurements  are  shown  in  Figure  G-16  and  Figure  G-17.  The  fundamental 
reverse  operation  causes  ports  three  and  four  to  be  driven  simultaneously.  The  set-up  of 
test-set  A  is  detailed  in  Figure  G-16,  and  test-set  B  in  Figure  G-17. 


a2  defined  as  user  parameter  one: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  «j, 
denominator  =  none 


b2  defined  as  user  parameter  two: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  b\, 
denominator  =  none 


a4  defined  as  user  parameter  three: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  a2, 
denominator  =  none 


I 


b4  defined  as  user  parameter  four: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  b2, 
denominator  =  none 


(    Done     J 


Figure  G-17.    Flow  chart  of  the  set-up  of  fundamental  reverse  operation  of  test-set  B . 
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G.2,8,  Measurements  with  Secondary  Operation 

The  flow  of  measurements  with  secondary  operation  is  shown  in  Figure  G-18. 
Secondary  operation  mode  is  used  in  phase  offset  calibration  measurements.  This  mode 
of  operation  drives  ports  one  and  four  together,  or  ports  two  and  three.    Driving  ports  one 
and  four  together  is  called  secondary  forward,  and  driving  ports  two  and  three  is  called 
secondary  reverse  mode. 


(    Start  J 


Set  Drive  to  180°  (Differential) 


Set  Test-sets  to  secondary  forward 


Set  Test-sets  to  secondary  reverse 


Set  Drive  to  0°  (Common-Mode) 


I 


Calculate  Amm,Bmm 

i 


Calculate  Mixed-Mode  S-Parameters 


T 


(once) 


(   Done  J 
Figure  G-18.    Flow  chart  of  PMVNA  secondary  measurement  operation. 
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G.2.8, 1 .  Set  Secondary  Forward  Operation 

The  flows  of  the  configuration  of  the  test-sets  of  the  PMVNA  for  secondary  for- 
ward measurements  are  shown  in  Figure  G- 1 9  and  Figure  G-20.  The  secondary  forward 
operation  causes  ports  one  and  four  to  be  driven  simultaneously.  The  set-up  of  test-set  A 
is  detailed  in  Figure  G-19,  and  test-set  B  in  Figure  G-20. 


(    Start  J 


a\  defined  as  user  parameter  one: 
drive  port  one, 
phase  lock  to  aj, 
numerator  =  a\, 
denominator  =  none 


b\  defined  as  user  parameter  two: 
drive  port  one, 
phase  lock  to  ay, 
numerator  =  fcj, 
denominator  =  none 


a^  defined  as  user  parameter  three: 
drive  port  one, 
phase  lock  toaj, 
numerator  =  a2. 
denominator  =  none 


J. 


&3  defined  as  user  parameter  four: 
drive  port  one, 
phase  lock  to  aj, 
numerator  =  b2, 
denominator  =  none 


C    Done     J 


Figure  G-19.    Flow  chart  of  the  set-up  of  secondary  forward  operation  of  test-set  one. 
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GE) 


a2  defined  as  user  parameter  one: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  aj, 
denominator  =  none 


i>2  defined  as  user  parameter  two: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  b\, 
denominator  =  none 


a4  defined  as  user  parameter  three: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  a2, 
denominator  =  none 


A4  defined  as  user  parameter  four: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  b2, 
denominator  =  none 


T 


(    Done     J 


Figure  G-20.    Flow  chart  of  the  set-up  of  secondary  forward  operation  of  test-set  two. 
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G,2,8,2,  Set  Secondary  Reverse  Operation 

The  flows  of  the  configuration  of  the  test-sets  of  the  PMVNA  for  secondary 
reverse  measurements  are  shown  in  Figure  G-21  and  Figure  G-22.  The  secondary  reverse 
operation  causes  ports  one  and  four  to  be  driven  simultaneously.  The  set-up  of  test-set  A 
is  detailed  in  Figure  G-21,  and  test-set  B  in  Figure  G-22. 


(    Start  J 


ai  defined  as  user  parameter  one: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  «j, 
denominator  =  none 


b\  defined  as  user  parameter  two: 
drive  port  two, 
phase  lock  to  o2, 
numerator  =  b\, 
denominator  =  none 


a3  defined  as  user  parameter  three: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  a2, 
denominator  =  none 


63  defined  as  user  parameter  four: 
drive  port  two, 
phase  lock  to  a2, 
numerator  =  b2, 
denominator  =  none 


f    Done    J 


Figure  G-2 1 .    Flow  chart  of  the  set-up  of  secondary  reverse  operation  of  test-set  one. 
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GE) 


aj  defined  as  user  parameter  one: 
drive  port  one, 
phase  lock  to  <Ji, 


numerator  = 


<!• 


denominator  =  none 


b2  defined  as  user  parameter  two: 
drive  port  one, 
phase  lock  to  a\, 
numerator  =  i|, 
denominator  =  none 


I 


a4  defined  as  user  parameter  three: 
drive  port  one, 
phase  lock  tooj, 
numerator  =  a2, 
denominator  =  none 


b4  defined  as  user  parameter  four: 
drive  port  one, 
phase  lock  to  aj, 
numerator  =  b2, 
denominator  =  none 


(    Done     J 


Figure  G-22.    Flow  chart  of  the  set-up  of  secondary  reverse  operation  of  test-set  two. 


APPENDIX  H 
MULTI-PORT  T-MATRIX  DEFINITION 


- 

?11  '\2 
h\  r22_ 

The  development  of  the  2«-port  t-matrix  begins  with  the  definition  of  the  two-port 
case.  The  t-parameter  definition  [48]  for  the  two-port  case,  in  matrix  form  is 

(H-l) 

Where  ah  b{  are  the  normalized  input  and  output  power  waves  at  port  i,  respectively. 
Some  definitions  swap  the  rows  of  the  input  and  output  waves,  so  the  resulting  definition 
is  [23] 

a,  r,,  r,T    b~, 

(H-2) 

Either  definition  is  acceptable,  as  long  as  one  is  used  consistently  throughout  a  calcula- 
tion. For  this  work  the  definition  of  (H- 1 )  will  be  adopted. 

To  expand  to  more  ports,  a  port  numbering  convention  is  set.  The  convention  is 
illustrated  in  Figure  H- 1  with  a  2«-port  network.    To  define  a  T-matrix  for  a  general  net- 
work, it  must  has  an  even  number  of  ports.  This  limitation  is  emphasized  by  the  use  of  the 
2n  notation. 


"1 
h 

= 

'll  r12 
f21  ?22 

383 


384 


Figure  H- 1 .      Network  definition  for  2n-port  T-matrix. 
The  definition  of  the  2n-port  t-matrix  is  [48] 


M(2n) 


'(2«)1    •■■   f(2n)(2n) 


'in 


'In 


(H-3) 


The  2n-port  t-matrix  is  analogous  to  the  two-port.  The  fc-waves  from  the  left  side  of  the 
network  are  grouped  together,  the  a-waves  from  the  left  side,  and  so  on.  Following  this 
analogy,  the  vector  partitions  can  be  defined 


bi  = 


r 

r-                     -i 

-                  _. 

*i 

a\  = 

ai 

h2  = 

K^ 

a2  = 

a«+l 

.*, 

% 

.**.. 

.  "2»  _ 

(H-4) 


so  that  the  t-matrix  definition  of  (H-3)  becomes 
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= 

Jl\  722_ 

"2 

h 

(H-5) 


Where  Th  are  the  n-by-n  partitions  of  the  t-parameter  matrix.  In  some  cases,  it  is  conve- 
nient to  define  the  t-parameter  "input"  and  "output"  vectors  as 


(H-6) 


so  that  (H-5)  becomes 

v  =  Tu  (H-7) 

Conversion  between  s-parameters  and  t-parameters  is  relatively  simple  for  the 
two-port  case,  but  becomes  more  difficult  in  the  general  2n-port  case.  However,  by  using 
the  partitions  definitions  in  (H-4)  and  (H-5),  the  conversions  can  be  made  in  a  straight-for- 
ward manner.  First,  the  s-parameters  for  a  2n-port  network  are  defined 


'  h' 

K 

*B+] 

.V 

M(2n) 


':„ 


'In 


(H-8) 


This  can  be  partitioned  in  a  similar  fashion 


h 

h 

= 

fl\  *22_ 

"I 
"2 

(H-9) 


Expanding  the  matrix  equation  (H-9)  in  terms  of  its  partitions,  one  finds 
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b\   =  Sjjfli  +S|2<32 


b2  =  S2iai+S22a2 


Taking  (H-l  1)  and  solving  for  at 


-lr       „-!< 


al  -  S2lb2-S2lS22a2 


Substituting  this  result  into  (H-10) 

6]  =  SuS2jb2  +  (Sn-SllS2^S22)a2 
Re-writing  (H-l 2)  and  (H-l 3)  as  a  single  matrix  equation 


(H-10) 
(H-ll) 

(H-l  2) 

(H-13) 


^12     ^11^21^22 


S2|S22 


sns2] 


'21 


(H-14) 


Therefore,  the  t-parameters  of  a  2n-port  network  can  be  found  from  the  n-by-n  partitions 
of  the  network  s-parameters  by 


T  = 


S12     *I1S21S22  S11^21 


s2ls22 


'21 


(H-15) 


Similarly,  it  can  be  shown  that  the  s-parameters  can  be  found  from  the  t-parameters  by 


S  = 


T[2T22 


'22 


TU      T\2T22T1\ 
-T22T2i 


(H-16) 


APPENDIX  I 
ERROR  TERMS  OF  PMVNA  AND  FOUR-PORT  VNA 


1. 1 .  General  Relations 

The  relationship  between  the  error  boxes  of  a  two-port  PMVNA  and  a  four-port 
VNA  can  be  found  by  considering  the  relationship  between  standard  and  mixed-mode 
s-parameters.  The  transformation  between  mixed-mode  ^-parameters  and  standard 
s-parameters,  as  developed  in  Section  3.1.3,  is 


r  =  M5stv-' 


(i-D 


where  the  superscripts  indicate  mixed-mode  or  standard  quantities,  and  where 


M 


1-10   0 

1 

0  0    1-1 

h- 

110  0 

0  0  11 

By  combining  equations  (1-2)  and  (I- 1 ),  it  can  be  shown 


(1-2) 


Jim  jini 
'll      '12 

M  0 

„std  ^td 
1 11   M2 

M  0 

~,mm  ~,mm 
_*21     122J 

0  M 

j^td      std 

'21   y22 

0  M 

or,  more  compactly, 


rmm  =  (/2®M)rsld(/2®M)- 


(1-3) 


(1-4) 
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where  /2  represents  a  two-by-two  identity  matrix,  the  ®  operator  is  the  Kroneker  tensor 
product  [65],  and  T"""  and  7*td  are  the  mixed-mode  and  standard  error  network  represen- 
tations, respectively. 

The  relationship  between  the  two-port  PMVNA  error  model  and  a  standard  four- 
port  VNA  error  model  is  that  the  two  error  models  are  different  representations  of  the 
same  error  network.  The  PMVNA  uses  a  mixed-mode  representation  of  the  error  net- 
work, and  a  standard  VNA  uses  a  standard  representation  of  the  same  network.  The  two 
representation  of  the  error  network  are  related  by  a  similarity  transformation  (1-4).  Since 
the  models  are  equivalent,  and  the  mathematical  treatment  of  the  PMVNA  and  a  four-port 
VNA  is  identical.  Therefore  the  calibration  equation  (6-7)  can  be  applied  directly  to  a 
PMVNA,  as  well  as  a  standard  VNA,  without  any  loss  of  generality. 
1.2.  Half-Leakage  Error  Model 

This  error  network  simplification  is  shown  in  Figure  6-8.  Under  this  simplifica- 
tion, observation  indicated  that  the  four  partitions  of  7*ld  are 
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Applying  (1-5)  to  (1-4),  one  finds  7™m  has  a  different  zero-pattern 
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1.3.  No-Leakage  Error  Model 


(1-6) 


This  error  network  simplification  is  shown  in  Figure  6-10.  Under  this  simplifica- 
tion, observation  indicated  that  the  four  partitions  of  7*    are  diagonal  matrices. 
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(1-7) 


Applying  (1-7)  to  (1-4),  one  finds  Tmm  also  has  diagonal  partitions.  Futhermore,  it  can  be 
easily  shown  that 

nStdl 


I  no- leakage 


=  T 


I  no- leakage 


(1-8) 


APPENDIX  J 
DEMONSTRATION  OF  COEFFICIENT  MATRIX  RANK 


This  appendix  details  the  method  by  which  the  rank  of  the  calibration  coefficient 
matrix,  AE,  is  found  under  various  conditions.  Knowledge  of  the  rank  of  AE  is  critical  for 
a  meaningful  solution  to  the  calibration  problem  for  the  PMVNA.  For  a  meaningful  solu- 
tion, AE  must  have  sufficient  rank.  By  examining  the  rank  of  AE  from  a  theoretical  stand- 
point, much  can  be  learned  about  the  calibration  problem. 

The  rank  of  AE  depends  on  many  factors.  It  is  obviously  effected  by  the  number  of 
ports  on  the  VNA,  as  well  as  the  number  of  standards  used  in  calibration.  The  rank  is  also 
strongly  effected  by  the  types  of  standards  used.  Further,  the  rank  is  effected  by  the  isola- 
tion model  applied. 

The  rank  of  any  matrix  is  a  simple  concept.  The  rank  is  equal  to  the  dimension  of 
the  largest  square  sub-matrix  with  a  non-zero  determinant.  In  other  words,  the  rank  of  a 
matrix  is  the  dimension  of  it  largest  non-zero  minor.  Despite  the  simplicity  of  the  concept, 
the  rank  of  AE  is  difficult  to  determine  in  practice,  particularly  as  the  number  of  VNA 
ports  increases.  As  a  result,  the  rank  of  AE  is  examined  through  numerical  methods. 
These  methods  assign  values  to  required  data,  so  that  AE  becomes  a  purely  numerical 
matrix.  With  this  matrix,  well  established  numerical  methods  can  be  applied  to  find  the 
rank,  even  when  AE  is  quite  large. 

With  this  numerical  approach,  the  number  and  nature  of  standards  required  for  a 
successful  calibration  can  be  established.  For  example,  one  can  determine  the  minimum 
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number  of  standards  required  for  a  four-port  VNA  with  a  no-leakage  error  model.  Alter- 
natively, one  can  establish  whether  a  particular  set  of  physical  standards  (such  as  shorts, 
opens,  loads,  and  a  pair  of  throughs)  is  sufficient  for  a  calibration.  This  appendix  first  pre- 
sents the  numerical  procedures  by  which  the  rank  of  AE  can  be  found  for  a  particular  cir- 
cumstance, and  then  the  results  will  be  summarized  in  table  form. 
J.  1 .  Numerical  Calculation  of  Rank 

The  calculations  of  rank  have  been  implemented  in  a  Mathematica  program. 
Mathematica  allows  both  symbolic  manipulation  and  numerical  calculations  required  for 
this  procedure.  The  method  used  for  the  calculation  of  rank  of  AE  is  best  illustrated  as  a 
list  of  steps.  The  steps  are  as  follows: 

1 .  Set  the  number  of  ports  on  the  VNA,  n,  the  number  of  calibration  standards  to  be 
used,  m,  type  of  standards  to  be  used,  and  isolation  model  type  (e.  g.  full-leakage). 

2.  For  the  given  n  and  m,  symbolically  expand  the  calibration  equation  (6-7). 

3.  For  the  given  n  and  m,  symbolically  build  the  coefficient  matrix  AE  from  results  in 
step  two. 

4.  For  the  given  isolation  model,  remove  the  columns  of  AE  corresponding  to  the  zero 
elements  in  the  error  box. 

5.  For  the  given  n,  set  the  numerical  values  of  the  error  box.  This  is  typically  done  by 
assigning  random  complex  numbers  to  each  of  the  elements  in  the  error  box.  Some 
elements  are  zero-valued  according  to  the  chosen  isolation  model. 

6.  For  the  given  n  and  m  and  type  of  standards  chosen,  set  the  numerical  value  of  the 
actual  s-parameters  of  the  standards  Sat,.  This  can  be  done  in  accordance  with  par- 
ticular physical  standards,  or  random  s-parameters  can  be  assigned. 
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7.  Using  the  data  from  steps  five  and  six,  calculate  the  measured  s-parameters  of  the 
standards,  Smi.  This  requires  re-arranging  (6-7)  to  solve  for  the  measured  s-parame- 
ters, thus  producing  an  embedding  equation. 

8.  Load  the  numerical  values  of  Saxh  Smi  and  the  error  box  into  the  appropriate  vari- 
ables in  the  symbolic  AE  from  step  four. 

9.  Remove  any  all  zero  rows  from  the  resulting  AE.  These  rows  are  caused  by  certain 
types  of  standards  in  combination  with  certain  isolation  models.  For  example,  using 
a  reflection  standard  with  a  four-port  no-leakage  model  gives  sixteen  rows.  How- 
ever, only  four  of  these  rows  have  any  non-zero  entries. 

10.  Perform  SVD  on  AE  from  step  nine. 

1 1 .  The  number  of  non-zero  singular  values  equal  the  rank  of  AE. 

J. 2,  Results  of  Rank  Calculations 

The  procedure  outlined  in  the  previous  section  has  been  executed  for  many  combi- 
nations of  port  numbers,  standards,  types  of  standards,  and  isolation  models.  The  goal  of 
these  calculations  is  to  establish  general  relations  for  the  rank  of  AE  for  an  n-port  VNA. 
These  relationships  provide  important  insight  into  the  requirements  for  a  successful  cali- 
bration. The  calculation  of  rank  of  AE  has  been  done  for  the  four  types  of  error  models 
outlined  in  Chapter  6:  full-leakage  (the  most  general),  half-leakage,  pair-leakage  and  no- 
leakage  models.  Each  of  these  models  is  examined  for  two  types  of  calibration  standards: 
full  and  reflection.  For  purposes  of  these  calculations,  a  full  standard  is  an  n-port  standard 
where  all  s-parameters  are  randomly  assigned.  However,  these  full  standards  have  been 
restricted  to  reciprocal  s-parameters,  so  that  S  =  ST,  since  practical  standards  will  be  recip- 
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rocal.  A  reflection  standard  is  an  n-port  standard  where  only  the  diagonal  elements  of  the 
s-parameter  matrix  is  randomly  assigned.  All  other  s-parameters  of  the  reflection  standard 
are  zero.  In  all  cases,  the  number  of  ports  is  varied,  so  that  a  pattern  can  be  established, 
and  with  this  pattern,  n-port  conclusions  can  be  drawn. 

The  results  of  the  rank  calculations  for  full-leakage  model  with  full  standards  are 
summarized  in  Table  J-l.  The  results  with  reflection  standards  are  summarized  in 
Table  J-2.  With  this  error  model,  the  type  of  standard  makes  no  difference  in  the  dimen- 
sions of  AE.  However,  reflection  standards  alone  can  never  produce  an  ordinary  solution. 
The  differences  in  rank  resulting  from  the  two  types  of  standards  are  highlighted  with 
heavy  boarders. 

Table  J-l .       Calibration  equation  simulations,  full-leakage  correction,  with  full 
standards. 


Ports 
n 

Standards 
m 

Unknowns 
(2n)2 

Arbitrary 
Variables 

Dimensions 

Rank(A£) 

1 

3 

3 

1  x4 

1 

2 

3 

2 

2x4 

2 

3 

3 

3x4 

3 

4 

3 

4x4 

3 

5 

3 

5x4 

3 

6 

3 

6x4 

3 

2 

1 

16 

12 

4x  16 

4 

2 

2 

16 

8 

8x  16 

8 

2 

3 

16 

4 

12  x  16 

12 

2 

4 

16 

2 

16x  16 

14 

2 

5 

16 

1 

20  x  16 

15 

2 

6 

16 

1 

24  x  16 

15 

3 

1 

36 

27 

9x36 

9 
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Table  J-l.       (Continued)  Calibration  equation  simulations,  full-leakage  correction,  with 
full  standards. 


Ports 
n 

Standards 
m 

Unknowns 
(2nJ2 

Arbitrary 
Variables 

Dimensions 

Rank(A£) 

3 

2 

36 

18 

18x36 

18 

3 

3 

36 

9 

27x36 

27 

3 

4 

36 

3 

36x36 

33 

3 

5 

36 

1 

45x36 

35 

3 

6 

36 

1 

54x36 

35 

4 

1 

64 

48 

16x64 

16 

4 

2 

64 

32 

32x64 

32 

4 

3 

64 

16 

48x64 

48 

4 

4 

64 

4 

64x64 

60 

4 

5 

64 

1 

80x64 

63 

4 

6 

64 

1 

96x64 

63 

5 

1 

100 

75 

25  x  100 

25 

5 

2 

100 

50 

50  x  100 

50 

5 

3 

100 

25 

75  x  100 

75 

5 

4 

100 

5 

100  x  100 

95 

5 

5 

100 

I 

125 x  100 

99 

5 

6 

100 

1 

150  x  100 

99 

n 

m 

4n2 

depends 

(m.n2)  x  4n2 

depends 
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Table  J-2.      Calibration  equation  simulations,  full-leakage  correction,  with  reflection 
standards. 


Ports 
n 

Standards 
m 

Unknowns 
(2n)2 

Arbitrary 
Variables 

Dimensions 

Rank(A£) 

1 

3 

3 

1  x4 

1 

2 

3 

2 

2x4 

2 

3 

3 

3x4 

3 

4 

3 

4x4 

3 

5 

3 

5x4 

3 

6 

3 

6x4 

3 

2 

1 

16 

12 

4x  16 

4 

2 

2 

16 

8 

8x  16 

8 

2 

3 

16 

4 

12  x  16 

12 

2 

4 

16 

2 

16x  16 

14 

2 

5 

16 

2 

20  x  16 

14 

2 

6 

16 

2 

24  x  16 

14 

3 

1 

36 

27 

9x36 

9 

3 

2 

36 

18 

18x36 

18 

3 

3 

36 

9 

27x36 

27 

3 

4 

36 

3 

36x36 

33 

3 

5 

36 

3 

45x36 

33 

3 

6 

36 

3 

54x36 

33 

4 

1 

64 

48 

16x64 

16 

4 

2 

64 

32 

32x64 

32 

4 

3 

64 

16 

48x64 

48 

4 

4 

64 

4 

64x64 

60 

4 

5 

64 

4 

80x64 

60 

4 

6 

64 

4 

96x64 

60 

5 

1 

100 

75 

25  x  100 

25 

5 

2 

100 

50 

50  x  100 

50 
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Table  J-2.      Calibration  equation  simulations,  full-leakage  correction,  with  reflection 
standards. 


Ports 
n 

Standards 
m 

Unknowns 
(2n)2 

Arbitrary 
Variables 

Dimensions 

Rank(A£) 

5 

3 

100 

25 

75  x  100 

75 

5 

4 

100 

5 

100  x  100 

95 

5 

5 

100 

5 

125  x  100 

95 

5 

6 

100 

5 

150x  100 

95 

n 

m 

4n2 

depends 

(m.n2)  x  4n2 

depends 

From  these  two  tables,  it  can  be  concluded  that  at  least  five  rc-port  full  standards 
will  generate  sufficient  rank  for  an  ordinary  solution  (for  n  >  1)'.  The  "Arbitrary  Vari- 
ables" column  clearly  indicates  when  an  ordinary  solution  is  possible.  Such  a  solution  is 
only  possible  when  there  is  only  one  arbitrary  variable  in  the  system  of  calibration  equa- 
tions. 

Another  important  consideration  of  a  calibration  problem  is  the  number  and  type 

of  standards  required  to  make  AE  square.  For  the  full-leakage  model,  this  matrix  is  square 

2  2 

when  An    =  mf-  n   ,  where  mF  is  the  number  of  full  standards.  Clearly,  AE  is  square 

with  four  standards.  The  rank  associated  with  four  standards  is  a  maximum  oi4n2-  n. 
Note  that  AE  is  also  square  with  four  reflection  standards,  and  the  rank  will  also  be  a  max- 
imum of  4n  -n.  Also  from  Table  J- 1 ,  it  can  be  seen  that  al  least  five  standards  are  required 
for  an  ordinary  solution  (where  the  rank  of  AE  is  one  less  than  the  number  of  its  columns). 
It  is  easily  demonstrated  that  at  least  one  of  these  standards  must  be  a  full  standard  with 
the  appropriate  number  of  non-zero  transmission  paths.  This  type  of  required  full  standard 
has  be  termed  a  complete  standard. 


1 .  For  n  =  1 ,  the  minimum  number  of  standards  is  always  three.  AH  leakage  models  reduce  to  the 
same  error  model,  and  all  standards  reduce  lo  on-port  reflections. 
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The  results  for  the  half-leakage  model  are  summarized  in  and  Table  J-3.  For  sim- 
plicity, only  the  results  with  full  standards  are  shown.  The  results  with  reflection  stan- 
dards are  similar  to  that  of  the  full-leakage  model  in  that  reflection  standards  alone  can 
never  produce  an  ordinary  solution.  Only  even  port  numbers  are  shown  since  this  leakage 

model  is  only  defined  with  an  even  number  of  ports. 

Table  J-3.       Calibration  equation  simulations,  half-leakage  correction  with  full 
standards. 


Ports 
n 

Standards 
m 

Unknowns 
(2n)2/2 

Arbitrary 
Variables 

Dimensions 

Rank(A£) 

2 

1 

8 

4 

4x8 

4 

2 

2 

8 

2 

8x8 

6 

2 

3 

8 

1 

12x8 

7 

2 

4 

8 

1 

16x8 

7 

2 

5 

8 

1 

20x8 

7 

2 

6 

8 

1 

24x8 

7 

4 

1 

32 

16 

16x32 

16 

4 

2 

32 

4 

32  x  32 

28 

4 

3 

32 

1 

48x32 

31 

4 

4 

32 

1 

64x32 

31 

4 

5 

32 

1 

80x32 

31 

4 

6 

32 

1 

96  x  32 

31 

6 

1 

72 

36 

36x72 

36 

6 

2 

72 

72x72 

6 

3 

72 

1 

108x72 

71 

6 

4 

72 

1 

144  x  72 

71 

6 

5 

72 

1 

180x72 

71 

6 

6 

72 

1 

216x72 

71 

n  (even) 

m 

2n2 

depends 

(m.n2)  x  2n2 

depends 
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From  this  table,  it  can  be  concluded  that  at  least  three  «-port  full  standards  will 
generate  sufficient  rank  for  an  ordinary  solution  (for  n  >  1)  with  the  half-leakage  error 

model.  It  is  easily  demonstrated  that  at  least  one  of  these  standards  must  be  a  complete 

2  2  (n  \ 

standard.  For  the  half-leakage  model,  AE  is  square  when  In    =  mF  ■  n   +  mR  ■  I  y   , 

where  mF  is  the  number  of  full  standards,  and  mR  is  the  number  of  reflection  standards. 
Clearly,  AE  is  square  when  4  =  2mf  +  mR .  The  minimum  number  of  standards  that  gen- 
erates a  square  matrix  is  two,  with  mF  =  2  and  mR  =  0.  The  rank  associated  with  this  set  of 
standards  is  a  maximum  of  2n  -  n. 

The  results  for  the  pair-leakage  model  are  summarized  in  and  Table  J-4.  Again, 
only  the  results  with  full  standards  are  shown.  The  results  with  reflection  standards  are 
also  similar  to  that  of  the  full-leakage  model  in  that  reflection  standards  alone  can  never 
produce  an  ordinary  solution.  Only  even  port  numbers  are  shown  since  this  leakage  model 
is  only  defined  with  an  even  number  of  ports. 

Table  J-4.       Calibration  equation  simulations,  pair-leakage  correction  with  full 
standards. 


Ports 
n 

Standards 
m 

Unknowns 
8n 

Arbitrary 
Variables 

Dimensions 
AE 

Rank(A£) 

2 

1 

16 

4 

4x  16 

4 

2 

2 

16 

2 

8x  16 

8 

2 

3 

16 

12x  16 

12 

2 

4 

16 

16x  16 

14 

2 

5 

16 

20  x  16 

15 

2 

6 

16 

24  x  16 

15 

4 

1 

32 

16 

16x32 

16 

4 

2 

32 

4 

32  x  32 

28 

4 

3 

32 

1 

48x32 

31 
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Table  J-4.       (Continued)  Calibration  equation  simulations,  pair-leakage  correction  with 
full  standards. 


Ports 
n 

Standards 
m 

Unknowns 

Arbitrary 
Variables 

Dimensions 

Rank(A£) 

4 

4 

32 

1 

64x32 

31 

4 

5 

32 

1 

80x32 

31 

4 

6 

32 

1 

96x32 

31 

6 

1 

72 

36  x  72 

6 

2 

72 

72x72 

6 

3 

72 

108x72 

6 

4 

72 

144  x  72 

6 

5 

72 

180x72 

6 

6 

72 

216x72 

n  (even) 

m 

&l 

depends 

(m.n2)  x  8n 

depends 

With  the  pair-leakage  error  model,  it  can  be  concluded  that  the  required  number  of 
full  n-port  standards  for  an  ordinary  solution  depends  on  the  number  of  ports  on  the  VNA. 
With  two  ports,  at  least  five  standards  are  required.  With  four  ports,  at  least  three  stan- 
dards are  required.  Again,  it  can  be  easily  demonstrated  that,  for  an  ordinary  solution,  at 
least  one  of  the  applied  standards  must  be  a  complete  standard.  Note  that,  by  comparison 
with  Table  J-3,  it  can  be  seen  than  when  n  =  4,  the  half-leakage  and  pair-leakage  models 

coincide. 

2 
For  the  pair-leakage  model,  AE  is  square  when  8n  =  mF  ■  n   +  mR-2n,  where 

mF  is  the  number  of  full  standards,  and  mR  is  the  number  of  reflection  standards. 

Clearly,  AE  is  square  when  8  =  mF  ■  n  +  2mR .  When  n  =  4,  the  minimum  number  of 

standards  that  generates  a  square  matrix  is  also  two,  with  mF  =  2  and  mR  =  0.  The  rank 

associated  with  this  set  of  standards  is  a  maximum  of  28. 
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The  results  for  the  no-leakage  model  are  summarized  in  and  Table  J-5.  Again, 

only  the  results  with  full  standards  are  shown.  The  results  with  reflection  standards  are 

also  similar  to  that  of  the  full-leakage  model  in  that  reflection  standards  alone  can  never 

produce  an  ordinary  solution. 

Table  J-5.       Calibration  equation  simulations,  no-leakage  correction  with  full  standards. 


Ports 
n 

Standards 
m 

Unknowns 
4n 

Arbitrary 
Variables 

Dimensions 

Rank(A£) 

1 

1 

3 

3 

1  x4 

1 

1 

2 

3 

2 

2x4 

2 

1 

3 

3 

1 

3x4 

3 

1 

4 

3 

1 

4x4 

3 

2 

1 

8 

4 

4x8 

4 

2 

2 

8 

2 

8x8 

6 

2 

3 

8 

1 

12x8 

7 

2 

4 

8 

1 

16x8 

7 

3 

1 

12 

4 

9x  12 

8 

3 

2 

12 

1 

18x  12 

11 

3 

3 

12 

1 

27  x  12 

11 

3 

4 

12 

1 

36x12 

11 

4 

1 

16 

4 

16x  16 

12 

4 

2 

16 

1 

32  x  16 

15 

4 

3 

16 

1 

48  x  16 

15 

4 

4 

16 

1 

64  x  16 

15 

5 

1 

20 

1 

25x20 

19 

5 

2 

20 

1 

50x20 

19 

5 

3 

20 

1 

75x20 

19 

5 

4 

20 

1 

100x20 

19 

n  (even) 

m 

4n 

depends 

(m.n  )  x  4n 

depends 
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Again  with  the  no-leakage  error  model,  the  required  number  of  full  n-port  stan- 
dards for  an  ordinary  solution  depends  on  the  number  of  ports  on  the  VNA.  With  two 
ports,  at  least  three  standards  are  required.  With  four  ports,  at  least  two  standards  are 
required.  With  five  ports,  only  one  full  five-port  standard  is  required.  Again,  it  can  be 
easily  demonstrated  that,  for  an  ordinary  solution,  at  least  one  of  the  applied  standards 

must  be  a  complete  standard. 

2 
For  the  pair-leakage  model,  AE  is  square  when  An  =  mF  ■  n   +  mR-  n,  where  mF 

is  the  number  of  full  standards,  and  mR  is  the  number  of  reflection  standards.  Therefore, 

AE  is  square  when  4  =  mF  ■  n  +  mR .  When  n  =  4,  the  minimum  number  of  standards  that 

generates  a  square  matrix  is  one,  with  mF  =  2  and  mR  =  0.  The  rank  associated  with  this 

set  of  standards  is  a  maximum  of  12. 

Table  J-6.      Number  of  equation  generated  by  a  single  rc-port  standard. 


Error 
Model 
Type 

Number  of 
Unknowns 

Type  of  standard 

Full 

Reflect 

Full-leakage 

4n2 

,r 

,r 

Half-leakage 
(n  even) 

2n2 

n2 

n2/2 

Pair-leakage 
(n  even) 

8n 

n2 

2n 

No-leakage 

4n 

n2 

n 

These  finding  on  the  rank  of  AE  have  been  summarized  in  Table  J-6  and  Table  J-7. 
Table  J-6  indicates  the  number  of  unknowns  for  each  type  of  leakage  model  as  a  function 
of  the  number  of  port,  n.  Also  shown  are  the  number  of  equation  provided  by  a  single  n- 
port  standard,  for  both  full  and  reflection  standards.  Table  J-7  further  shows  the  dimen- 
sions of  AF  as  a  function  of  the  number  of  ports,  n,  the  number  of  full  standards,  mF,  and 
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the  number  of  reflection  standards,  mR.  It  also  shows  the  minimum  number  of  standards 
possible  for  an  ordinary  solution. 


Table  J-7.      Calibration  summary. 


Error 
Model 
Type 

Number  of 
Unknowns 

Dimensions  AE 

Min.  Stds 

for 
Ordinary 
Solution 

Min.  Stds 

for  Ordinary 

Solution 

(n=4) 

Full-leakage 

4n2 

n  (mp  +  m/f)  x  4n 

5 

5 

Half-leakage 
(n  even) 

2n2 

(mFn  +  mRn  IT)  x  2n 

3 

3 

Pair-leakage 
(n  even) 

Sn 

(mpti  +  2mRn)  x  Sn 

depends 
onn 

3 

No-leakage 

4n 

(mpn   +  mRn)  x  An 

depends 
on  n 

2 
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